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Ggm^Sjuicliez, EliM P., and Celso £. Gomez- 
Se^dtf^ C^otral hypertensinogenic effects of glycyrrhiac acid 
and:^ir^^ PhysioL 263 (Endocrinol Metab, 26): 

• ^^^^^^^^^^ i992;^The apparent roineralocorticoid excess 
.^ridrome of patients ingesting large amounts of Kcorice or its 
awya^iy^ is thought to b© caused by the antagonism by these 

?rt^^i^ fip^«G^ dehydrogenase 
11/3-HSD inactivates Cortisol and corticosterone. 
allowiiig the i^dre abundantly produced glucocorticoids access 
to the naineralocortxcbid receptor (MR) in the kidney, where 
they aqtas mmeralocorticoids. We have found that the infusion 
of-^th fi^cynhizic acid, an active principle of licorice, and 
cart^oxo pne, a^^thetic analogue, into a lateral ventricle of 
the bram [intr^erebroventricular (icv)J of a rat, at a dose less 
than that ^hich has^ an effect when infused subcutaneouky, 
produces hypertension. Furthermore, the hypertension pro^ 
TOSW -by^^the oral administration of earbenoxolone or glycyr- 
Ameacid iS' blocked by the icv administration of RU 28318, an 
MR^t^nist, at a dose below that which has an effect on 
bloitfd pr^iire when infused subcutarieously. While the oral 
^^^^Wstia^^ caused saline polydipsia and polyuria typical of 
cl^5(P^^^tcjnic mincralocorticoid excess, the icv Kcorice de- 
riVfitge^produced hypertension without affecting saline appe- 
tite;:^nsitfei^ the rats to mineralocorticoid hypertension by 
"S^IV^^ and increasing salt consumption was not 
nec^iy^for the production of hypertension. These findings 
proviiteai^tiohal evidence for a central role in blood pressure 
con^^l^mmeralocorticoids that is distinct from their renal 
effected 'J^i^y dso suggest that more is involved in licorice- 
mducW hypertensioif tJum on^y inhibition of U^-HSD. 

28318; steroid 

iip-nydrozysteroia. dehydrogenase 

ALDOSTERONE acta through type I receptors, or miner- 
alocorticoid receptors (MR), in the kidney to produce 
^^J"? ^n^ipn and potassium and hydrogen ion ex- 
CTetipn. The MR is widely distributed and is present in 
the colon, parotid, vasculature, and, in particular, spe- 
cific was of the bn^^ {5, 13), The affinity of isolated 
^A^^^r.^^-Y? ?>«ce»» inchiding expressed MR 
cPNA m COS cells, is similar for aldosterbne. corticos- 
terope. and Cortisol (3, 4, 16). MR, regardless of the 
source,- are pbysicoaiemically identical (16, 32), and ap- 
pear to-be a prodiact of the same cDNA (3). Corticoster- 
^^'^S^^P^f^^o' normally do not act as mineralocorti- 
^%^m the kito^^^ in vivo. Specificity, originally 
thou^t to be mtrinsic to the receptor, has been shown 
^ ^ :«>^^^ extemsically by corticosterone/cortisol- 
Inndipr^bdift (CBG), which reduces free circulating 
pcojcorttwd avaflable to the receptor, and by IW- 
nydrd^gf^roid dehydrogenase (lljS-HSD). 11/5-HSD 
revertply converts corticosterone and Cortisol to the 
ll-dehydrocorticosterone and cortisone (7, 9, 
12), The location of the ll/S-HSD enzyme has been con- 
troverstal; It appears that U/S-HSD ise39>ressedinsome 
mmeralocorticoid target celb along with the MR, thus 


serving ais an autocrine control, as weD as in cells prox- 
imate to MR-containing cells, serving a paracrine fGnc- 
tion (6, 9, 21, 24). 

Under normal conditions, most MR in the rat brain 
are almost fidly occupied by corticosterone, while occu- 
pation of the type n receptor, or glucocorticoid receptor 
(GR), for which corticosterone has less affinity, is less 
complete and follows the circadian rhythm of glucocor- 
ticoid levels (7). It has been suggested that the occupa- 
tion of the MR in the brain, particularly in the hippo- 
campus, by corticosterone at low, physiological serum 
levels is possible because CBG does not penetrate the 
blood-brain barrier (7. 9) and because the activity of 
11/3-HSD in this organ is negligible (9, 12). However, in 
situ hybridization techniques have demonstrated the 
presence of 11/5-HSD in the brain (19), as WeD as the 
kidney. Whether lI/3-HiSD is bioactiyc in any, all, or 
only specific parts of the brain is controversial (9, 19, 
21). There are different tissue-specific forms and r - 
gional activity of the 11/5-HSD enzyme (20) that may 
account for the apparent "glucocorticoid -selective" MR 
in sonoie parts, particularly the hippocampus, of the 
brain, in contrast to the ^aldosterone-preferring^ MR in 
the anterior hypothalamus (7, 18). Seckl et aL (27) have 
reported that ll/S-HSD inhibition by glycyrrhetinic add 
in vivo ia rats increased 2-deoxy-["C]glucose use in 
those areas of the brain where ll/J-HSD mRNA expres- 
sion has been docunoented. Corticosterone and aldoster- 
one have different actions in some areas of the brain, 
even though both are thought to be acting with the same 
affinity and through the same receptor. Aldosterone an- 
tagonizes important central nervous system (CNS) ef- 
fects of corticosterone (7, 26); corticosterone blocks the 
hypertension induced by the intracerebroventricular 
(icv) infusion of aldosterone (13, 15). 

^parent mineraloicorticoid excess is a rare hyperten- 
sive syndrome in which patients have all of the mani- 
festations of excessive production of mineralocorticoids, 
including hypokalemia, but steroid measurements arc 
normal or low. The defect has been identified as a defi- 
ciency in 11/J-HSD (11, 28, 30, 31). The pseudohyperal- 
dosteronism, including hypokalemia and low-renin hy. 
pertension,. produced by excessive licorice consumption 
and the treatment of peptic ulcers with licorice deriva- 
tives or their synthetic analogues has been attributed to 
the inhibition of this enzyme, allowing the more abun- 
dant circulating cortisol/corticosteroue access to the 
MR in the kidney (9). Licorice derivatives and the syn- 
thetic analogue earbenoxolone have been used to study 
th mechanisms responsible for the syndrome of appar- 
ent mineralocorticoid excess, as well as the extrinsic 
factors conferring apparent ligand specificity to the MR 
(8, 10, 22). We herein describe studies of the central and 
S? '^^J^^IS!? MATERIAL MAY BE PROTBOTH) 
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systexmc effects of the icv, subctitaneous (sc), and oral 
adm]iiilt7at^QD;6f glycy^ acid, a derivative of lico- 
irice, aiid^^ait^hoxoto a synthetic analogue, on the 
bliood pr^eaiUre using the specific MR antagonist RU 
28318 (14) io inhibit the MR. 

METHODS ; 

Cannulas were pla^ into the ri^t lateral cerebral ventrides 
of m£4e <iut^^ St>r«^ rats weighing 180-200 g, using 

asej^tic suri^ ti^dlmique tinder a combination of fentanyl and 
drc^^bi (imaby Pitman-Moore), 0,01 ml/100 g body 

wt sc, as^.prean^tbetic and isofhnane as anesthetic. Rats re- 
ceived'^^iidaH^ fcx^ (0.3% NaCl) and tap watet or 0.9% saline 
ad libftiidiii to iampiify the hypertension as detailed below. Im- 
planted^^ibamotic pun^ (Alzet 2002, Alza, Palo Alto, OA), 
. whidi^'ddivei^ 0.49 ± 0.d2./t]/h for 14 days, were used for icv 
and M;iiifiMpns. Pumps were changed on day 14 under isofhi- . 
rane aneltheda, aj^d pumps of the same lot were used through- 
out the' dci>^iriment to ensure consistency. Carbenoxolone, RU 
28318^ and'oprticosteione were dissc^ed in cerebrospinal fluid 
(C$F^ or (ii;8i$% NaCI with 10% propylene^ycol for icv and ec 
infiisibn. A jwtassi^ ^cohate sohitipn that delivered the 
same amoimt of K"^ as the RU 28318 solution was used as 
control for the.mineralocqrticoid antagonist experiments (14). 
Reaj^ta were ip>^ from Sigma, ezcq;>t for the RU 28318, 
w^ch Wasiapft fr^ Roussell (RomaineVille, France). All so- 
lutions were nuide and sterilized by nitration through 0.2-|im 
filtc^ (Acn^disc 13, Gelman Scientific) iinmediately brfore fill- 
ing and iinj limtin th^lpumps. Oral carbenoxolone ox glycyr- 
ridzic add: was administered individually twice a day as 0.1 or 
0.2 ml'pf a shxrry ixiized in pom ayrup that the rata accepted 
reaxlil^ systolic blood pressures dlTC, Woodhills, OA) 

and w^i^tsvw^ 

menta^l£^^CTd)e^ (13), Twenty-four- or forfy-eight- 

hour uHhe volumes were meflsured once a week in a stainless 
steel rat metabblism cage. 

Effitct of itv administration of carbenoxolone: dose response. 
Carbenoixolone was intoed icv at a rate of 0.3, 1.0, and 3.0 ^tg/h 
and sc at a.rate of 3.0 >tg/h into intact rats provided with 0 J% 
saHne to dHiik ad )fl>itiim. 

Effect irf icu administration <^ carbenoxolone and oortiooster- 
one, Carbenoxolone was infused icv at a rate of 5.0 fig/h and 
corticosterone at a rate of 20 ng/h, alone and together. Two 
types of e3g;)enment8 were done. For one, the rats were intact 
and'drank jkp water ad libitum. For the other, the right kidneys 
were ]i$^>v^ 'and the rata drank 0.9% saline ad libitum to be 
compfflrk^ to ampHfy miner-, 

abcqirdpoiil hypertepsioh. 

^^^dM qdnmi^ cf carbenoxolone wkh and unth- 
Giu Sib.HU fSB^lB. Caibcxbozobne was administered oraDy in 
- corh^^jlCK^ twice daily for 10 days aiMi increased to 90 

mg/]kg t^e da3y for the next 4 days to ascertain that the 
hype^r^ainyb maximal; the control rats received com 

syn^i briGjjiy. RU 28318 was infiised icv at 1.1 /tg/h in onerbalf of 
^e ffio^Q^ receiving carbenoxobne; the other animals received 
a pptiisBiUi^^oconate ablution to supply the equivalent amount 
of K^li:^. Wef luveprevioualy shown that 1.1 $ig/h RU 28318 icv 
has no inUmisic effect <>n the blood pressure but protects the rat 
firozn^ hypert^ of systemic mineralpcorticoid excess, 
while being below the dose required to affect on the blood 
pressiare when infused sc (13, 14). The rats were intact and 
drank tap water ad hbitum. 

Effect of ohd administration of glycyrrhizic acid with and 
withotjt JiU 28318, The eSeds of both gjycyrrhizic acid and 
carbeno^se were studied because of evidence that carbeiu)x- 
ok)ne may have a larger range of effects, including the inhibition 
of 11-oxpreductase, than does glycyrrhizic acid (29). 


Glycyrrhizic acid was administered orally in com syiup 35 
mg/bg twice daily for 1 4 days. RU 28318 was infused icv and sc 
at LI pig/h in two of three glycyrrhizic acid groiq)s; .the other 
glycyxrhisic acid animals received a potassium gluconate solu- 
tion icv to supply the equivalent amoxint of icv. Another 
groiQ) received com syriq> orally and the potassium gluconate 
aohidon icv. The rats were intact and drank tap water ad Hbi- 
tum. 

Animals were killed at the end of the studies by CO2 narcosis 
and asphyxiation. Autopsies, including dye infusions to check 
ffl pTiiila placement, were done at the condusion of the study, 
and data from any animal in which there was doubt about the 
delivery of the solutions or which had evidence of illness causing 
tmdue stress were eliminated from the experiment At the tone 
of the biweekly pump changes, if the catheter was found to be 
disconnected from tibe pump or cannula,, the data from the 
preceding two weeks were discarded and the animal eUsunated 
from the study. We started with 8« 10 animals per groiq> so that 
the groups were never reduced to fewer than 7 animals by the 
end of the experiment Data were compared by analysis of vari- 
ance and the Dunnett r and Fisher PLSD tests (SUtView 512+, 
Brainpower, Calabazns, CA). 

RESULTS 

Carbenoxolone, 3 fig/h administered icv to intact rats 
drinking 0.9% saUne ad libitum, increased the blood pres- 
sure of rats significantly (P < 0.01) within 3 days and was 
maximal by day 5 (Fig. 1). There was no signiffcaiit 
change in the blood pressure of rats receiving 0.3 Mg/h 
CSF, or 1 Mg/h carbenoxolone icv or 3 ftg/h carbenoxobne 
sc over 14 days. No significant difference was found in 
rate of weight gain or 24-b lirine volume between any 
grouqpsin the icv stucSes. In separate studies it was found 
that doses of carbenoxolone >5 ^g/h resulted in precipi- 
tation of the drug in the pump and cannulas. 

The icv infusion of corticosterone at 20 ng/h, a dose 
known to inhibit the hypertension produced by the icv 
infiision of aldosterone (15) while having no effect in and 
of itself did not significantly blunt the increase in blood 
pressure produced by lev carbenoxolone, nor did it have 
any effect on the blood pressure by itself (Fig. 2). There 
was no difference in urine volume or weight gain between 
"groups in ihe same experiments. Removing one kidney 
and giving saline to drmk did not alter the hypertension 



day 5 

Fig. 1. Effect on indirect systolic blood pressure (BP) at dciy 5 of intrac* 
erebroventricular (icv) and subcutaneous (sc) tnibsion of carbenoxolone 
(Cx) at 3.0 iig/h in intact rats drinking 0.9% saline ad libitum. CSF» 
cezd>ro8pinal fluid. 
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Fig..2.;^ect on uidirect syrtoKc blood pressure of lev infusion of car- 
beno^qne-at 50) ug/h and coiticosterone at 20 ng/h, alone and to- 
g»Uk»i:ui ;niJn8«nsitized rats (A; intact and drinking tap water ad Ubi- 
^^li^^^^tf^*^ removed and 

^' l^"^3^*ysteroid dehydrogenase. 

ye«ctefcv 
ol40H 1 Caibanbxoten^ PO 
X ■- ■ 6ajbanoJcoten©PO*RU283iat.1n9mftor 



Ftg, ^pfect on xndjiect systdBc Uood pressura of oral administration 

^ "^^"^^^ for tha next 4 da^ while leceiviBg an ic^SS 
.^f eSlh^r TO 2*18 at tl ng/h or vefaide. in intactrtfa cS^p 
water ad KbauHL . . t«u«e iay 

produced by icv carbwaoiolone or the effect of icv cortd- 
ciosteio^e. At dasf II of the sensitizatioh stu^ there was 
a 41>^d 39% difference in blood pressure between the 
contw&aind ttro icv carbcnoxolone and icv carbenoxolone 
p% cprticbsterone, respectively, compared with 41 and 
ol% increases for the nonsensitized rats. 

Thie blood pressure of intact rats drinking water and 
receivingf oral carbenoxolone at 45 mg/kg twice daily in- 
creas©±s%timcantly withm 6 days fiom 105 mmHg to a 
plateau of 127 mmHg (Pig. 3). Doubling the dose to 90 


mg/kg twice daily did not further increase the blood pres- 
sure. The icv infusion of 1.1 /xg/h RU 28318 completely 
prevented the increase in blood pressure. We have shown 
in multiple studies, including those described below using 
glycyrrhizic acid instead of carbenoxolone^ that the sc 
infusion of 1,1 /ig/h RU 28318 is too low to affect the 
blood pressure. We have also reported that the icv infu- 
sion of the antagonist at three times this dose has no 
effect on the blood pressure of normal animab (14), The 
blood pressure in. the animals receiving the icv control 
solution returned to normal within 3 days of discontinue 
ing ths oral administration of carbenoxolone. Orally ' 
adbxdtn^^^ carbenoxolone doubled the urine volume; 
this increase in urine vohnne was not prevented by the 
icv adnxinistration of the mineralocorticoid antagonist, 
which abolished the hypertension (Fig. 4). There was no 
difference in weight gain between groups. 

The oral adndnistration of ^ycyrrhizic acid at 35 
mg/kg twice daily also significantly increased the blood 
pressure of intact rats drinking tap water. The icv infu- 
sion of 1.1 Mg/h RU 28318 previDnted the rise in blood 
pressure (P^. 5). There was no difference in weight gain 
between groups. 

DISCUSSION 

The iix4>ortance of the CNS in the development of 
mineralocorticoid hypertension has been well docu-. 
mented (5, 13). MR arie found in the hippocampus, 
amygdala, lateral septum, and hypothalamus, particukirly 
in the periventricular regions, areas known to be qr s\is- 
pected of being important in the regulation of adrenocor- 
ticotropic hormone (A(3TH) release, arousal, fluid and 
fluid osmolality equilibrium, and the maintenance of nor- 
mal blood pressuriB. The chronic icv infusion of aldoster- 
one at a dose two orders of magnitude less than that 
necessary to produce hypertension when infused sc has 
been reported to produce hypertension in rats and dogs 
(21). The icv infusion of the mineralocorticoid antagonist 
RU 28318, at doses that have no effect on the blood 
pressure ^en given icv alone and that are ineffective as 
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Pig. 4. E£fi^ on 24.h uruw vohimo of oral admsDistration of carbenox- 
olone m com synip at 45 mg/kg twice daily for 10 days, then 90 mg/kg 
SJV^^fS^ ^ "^^^ receiving an icv infusion of either 

RU 2831S at 1.1 ng/h or vehicle, in intact rats drinking tap water ad 
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fig. 5. EfiG»ct on indirect systdic blood pressure of oral administiatioD 
of dycyi^iizic acid (Q) in com syrup at 35 mzfltz twice dai^, whOe 
leceivini an tcv bfuaion of either RU 28318 at 1.1 ~ 


ng/h or veiude, at 

daylSia intact rats drinkbg tap water ad libitum. 

an antagpniai when administered 3c> blocks the hyper- 
tension j6f both the icv and systemic administration of 
aldpistenbiie and the sc infusion of deoxycorticosterone 
acetifte, Tliie systemic, but not icv, aldosterone hypeiten* 
sioh is as8d^ a chronically increased urine vol- 

ume ihiiHbktive of saline polydypsia/polyuria. The icv in- 
iusibii of the antagonist prevents the rise in pressure 
produced by the systemic administration of aldosterone 
without preventing: ithe associated pplyc^sia/po^yuria 
(13, 14). These &(Hiigs suggest distinct mineraIoa)rti- 
coid effects in the brain and 

In tii€ studies r^rted herein, the icv, but not sc, in- 
fusiont of 3 jig/h carbenbxolpne produced hypertension, 
implyir^: t^ the site of action is in the brain. The hy- 
pert^^ip^ produced by the oral and icv administration of 
ccurbenb^dlone or glyorrhkic acid resembles that of 
chronic s^ys^eimic and icv aldosterone infusion in the am- 
plitudiB of the increase in blood pressure and the effec- 
tivene^ of xuineraTocorticoid receptor blockade by icv RU 
28318 (13, 14). In addition, as with aldosterone, an 
increase in urine vohnne occuned only with the sys- 
temic, imd not icv, administration of hypertensinogenic 
jamou^t^ df Mth H^ con4>oimds. Blocking the hyper- 
tensidn of ftdiiials receiving oral carbenoxolone with the 
icv in^km of RU 28318 at doses too low to be effective 
when iirfused so did not reduce their increase in urine 
yohtoe. mineralocorticoid-salt hypertension 

is assddat^ with an initial retention of sodium and wa- 
ter follbw^ by an "escape* ftom fiirther retention and the 
establiishiiaent of a new equilibrium at a hiffii&c overall 
fhiid : viphimte. Potydypsii^^c^yuria may peirmt after 
reaching ai balance with no additional net gain in wat^ 
(13). ^ ^lirii n g that the carbenoxolone when given orally 

excess syn<home as &r as 
the Iddnj^ are concerned, one would expect initial so- 
dium ani^mter retention, followed by escape. 'Die rats in 
th^stoidies si)parently were placed in metabolism cages 
after the water retention phase, Aiwnwiing it occurred, 
aft(pt a& e^1)rium had been reached^ * because their 
urine ou^ was consistently greater, not less, than that 
of cohtrdfa. Weight gains were "real," not water gains, as 
widenced by th fact that the weights of the oral car- 
benoxolone rats did not Call after the drug was withdrawn. 

Thiire was a consistent difference in the time of onset 
of the hypertension. lev aldosterone hypertension takes 


from 7 to 11 days to becoxne significant (13), while lev 
carbenoxol ne hypertension was evident in 3^ days. 
CJonsidering the relatively long delay of onset, that of days 
ratiier than minutes or hours, it seems unlikely that this 
difference is due to a more rapid passage of the licorice 
compounds across the blood-brain barrier; it probed)^ 
reflects a more basic difference in the mechanism of ac- 
tion. Removing one kidney and giving saline to drink did 
not exacerbate the hypertension produced by icv car- 
benoxolone. This was surprising because the classical way 
to amplify mineralocorticoid hypertension is to reduce 
renal mass and increase sodium consumption and because 
in the model of central mineralocorticoid hypertf^nsioo^ 
equihypertensinogenic doses of icv aldosterone in non- 
sensitized rats were nine times that of sensitized rata 
(13). .... 

Glyc3aThizic a;cid and carbenoxolone are not thought to 
act as agonists at the receptor level because their affinity 
for the MR is negligible (2). They are presumed to work 
by inhibiting Ilj9-HSD, thereby removing the protection 
of the MR from corticpsterone and allowing it to act as a 
mineralocorticoid (12). However, if 11/j-HSD were active 
in the brain, and if it were inhibited by carbenoxolone, 
previous studies from our laboratory suggest that the re-, 
suiting accumulation of corticosterone would not be ex- 
pected to increase blood pressure. An additional d^er- 
ence between the icv aldosterone and icv carbenoxolone 
models is tiiat the icv infusion of corticosterone, at a dose 
that wduld have been expected from our previous work to 
antagonize the icv aldosterone model, had no effect on the 
blood pressure of rats receiving icv carbenoxolone. It is 
assumed that the inhibitory action of icv corticosterone 
on icv aldosterone hypertension is mediated by the MR 
because RU 26988, a selective GR agonist, had no effect 
when infused alone or in combination with aldosterone 
(15). 

While most reported studies indicate that carbenox- 
olone does not affect the mineralocorticoid activity of 
aldosterone (25), others suggest that it enhances the so- 
dium retention produced by aldosterone and 11-deory- 
corticosterone (23). Glycyrrhetinic acid has been found to 
mhibit the hepatic 5^-reductase and S/J-HSD but not the 
5a-reductase or 3a-HSD. Another proposed mechanism 
for the enhaiKement of mineralocorticoid activity by 
licorice derivatives is the accumulation of aldoster- 
one, deoxycorticosterone, and ll-d^xycorticosterone 
and their biologically active 5a-dehydro derivatives du 
to the inhibition of the 5^-reductase and SjS-HSD en- 
zymes, as well as of ghicocorticoids due to 11/9-HSD in- 
hibition (17), 

Patients with apparent nuneralocorticoid excess ap- 
pear to be deficient in 11/9-dehydrogenase but not 11- 
oxoreductase enzyme activi^ (30). While it has been as- 
sumed that ll/}-HSD is an enzyme complex consisting of 
an UM^hydrogenase and a distmct ll^xoreductase (9^ 
22, 30), a rat cDNA has been cloned and expressed as a 
single enzyme that interconverts cortisol/corticosterone 
to cortisone/1 1-dehydrocorticosterone (1). It has been re- 
p rted that ^ycyrrhizic acid and carbenoxolone are not 
identical in their clinical activities and that glycyrrhizic 
acid inhibits the conversion of cortisol/corticosteion 
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to cortisone/1 1-dehydrocorticosterone unidirectionally, 
while carbenoxolone inhibits both the dehydrogenase and 
rediicta^ directions (29). . In our studies, the activity of 
glycyrrhiiie. acid and carbenoxolone were similar. 

There is evidence for yeVanother mechanism of action 
of car^pbxolone. The MR is either missing or defective 
in patieits with pseudohypoaldosteronism. Funder (10) 
hflis reported that the aininistration .of carbenoxolone 
with a setective GR agonist in patients with pseudohy- 
poaJdosteronism and^ adrenalectomized rats alters the 
functionrdf the glucocorticoid, causing it to produce the 
same renal; effects, l^a^ retention and K+ excretion, as a 
mineralocorticoid woxddj presumably by causing GR- 
ligand complexes to act as activated MR. The animals in 
our experiments had.intact adrenals; in fact, the miner- 
alocorticoid effects of licorice depend on intact adrenal 
glands o^ replacement corticosteroids (9). Normally, most 
of the MR and many of the.GR of the brain, depending on 
the area, are tonically bound by corticostcrone, even in 
the unstressed rat (7. '26). While the concomitant icv 
infusion of corticosterone blocks icv aldosterone hyper- 
tesion, the icV infusion of a selective glucocorticoid, pre- 
sumably to the GR only, does not antagonize icv aldos- 
terone hypertension. If there are two classes of MR in the 
brain, as has been postulated by De Kloet (7), carbenox- 
olone and glycyrrhizic acid may be altering the ''corti- 
wsteroxie-preferring^ MR to functionally "aldosterone- 
prefernnjg* MR. If carbenoxolone were producing hyper- 
tension by ''recruiting" GR and/or corticosterone-prefer- 
ring MR bound to endogenous corticosterone to the pool 
of functionally activated MR, not only might the same 
ceUular response be elicrted as by activated MR in a min- 
eralocorjticoid-sensitivev central blood pressure control 
area, biit, more important, it might, also remove the re- 
ceptors that mediate the inhibition of icv aldosterone 
hjjpertensioii. This might explain why icv corticosterone, 
when given with carbexioxoione, neither increased the 
blood pressure^ because the receptors were already sur- 
fcii^ nor decreased it, because they were being diverted 
fmm their usual role of buffering the hypertensinogenic 
effect of aldosterone. The more rapid induction of hyper- 
tension by licorice compomids compared with aldoster- 
one may be due more to the removal of local inhibitory 
effects than to the recruitment of more fiihctional MR. 
ihe ym-ytog relationshq) of the two classes of corticos- 
teroid3^has been described elsewhere, including in the 
orain (7); 

These data provide aAfitional evidence for a central 
role m blood pressure control by mineralocorticoids that 
IS distinct froim their renal effects and that involves a 
complex homedstatic relationsh^) between the two 
Classes of corticosteroids in their central effects on Wood 
pressure. They suggest that our understanding of func- 
tional specificity of the corticosteroid receptor-ligaiid: 
complex, particularly m the brain, is incomplete. Finalty. 
Miese stupes indicate that more is involved in licorice- 
"iQuced hypertension than the inhibition of ll/J-HSD. 

The expert technical help of Chris Fort is grateftiUy ackDowIedged 
f hese Studie? were,«4>poitid by Medical Research Funds from^e 

Addreis f6r r^t nquests: ^ P. Gomez-Sanchez. Research Service 


E1129 


(151R), James A. Haley Veterans Hospital, 13000 Bruce B. Downs 
Blvd., Tampa. FL 33612, 

Received 24 February 1992; accepted in final form 24 July 1992. 
REFERENCES 

1. Agarwal, A. K., C. Mender, B. Eckstein, and P. C. White. 
Cloning and ezpression of rat cDNA encoding corticosteroid 11 
^dehydrogenase. J, BioL Chenu 264: 18939-18943. 1989. 
Armanini, D., L Karbowiak, and J. W. Fonder. Affinity of 
liquorice derivatives for mineralocorticoid and ^ucocorticoid re- 
ceptors. Cfia Endocrinol. 19: 609-612, 1983. 
Arriza, J. L., K. B. Simerly, L. W. Swanson, and B. M. 
Evans. The neuronal mineralocorticoid receptor as a mediator of 
ghicooorticbid response. Neuron 1: 887-900, 1988. 
Beaumont, K.. and D. D. Fanestil. Characterization of rat 
bram aldosterone receptors reveals high affinity for cbrticoater* 
one. Endoerinology 113: 2043-2051. 1983. 
Bohr, D. P, What makes the pressure go up? A hypothesis. 
Hypertension Dallas 3 - Su^ Hi n-ieO-IMSS. 1981 
CaaUllo, R;, R. Schwarting, C. MuUer, K. HIerholzer, and 
I. Liehtenstfiin. Immunohistochemical localization of 11 -hy- 
droxj^teroid dehydrogenase in rat kidney with a monoclonal an- 
tibody. Benal PhysioL BiocherrL 12: 320-327, 1989. 
D© Kloet, R. E. Brain corticosteroid receptor balance and ho- 
meostatic control Front NeuroendocrinOL 12: 95-164, 1991. 
Doyle, D., R. Smith, S. Krozpwski, and J, W. Funder. 
Mineralocorticoid specificity of rcnaJ type I receptors: binding and 
metabolism of corticosterone. J. Steroid Biochem, 33: 165-170 
1989. 

Edwards, C. B. W., and P. M. Stewart, the cortisol-cortisone 
shuttle and the apparent ^ificity of glucocorticoid and miner- 
alocorticoid receptors. J. Surpid BioehenL MoL BioL 39; 859-865, 
1991. 

Funder, J. How can aldosterone act as a mineralocorticoid? 

EndocnnoL Res. 15: 227-238, 1989. 

Fonder, J. W., P. T. Pearce, K. Myles, and L. P. Boy. 
Apparent mineralocorticoid excess, pseudohypoaldosteronism, 
and urinary electrolyte excretion: toward a redefinition of miner- 
alocorticoid action- FASEB J. 4: 3234-3238, 1990. 
Fender, J. W^^ P. T. Pearce, R. Smith, and A. I. Smith. 
Minerslocorticoid action: target tissue specificity is enzyme, not 
receptor, mediated. Science Wash. DC 242: 583-585, 1988. 
Gomez-Sanchez, B. P. What is the role of the central nervous 
system in inineralocorticoid hypertension? Am. J. Hypertens. 4* 
374-381, 1991. 

Gomez*Sanchez, E. P., C. M. Fort, and C. E. Gomez* 
Sanchez. Intracerebro'ventricular infusions of RU 28318 blocks 
aldosterone-sah hypertension. Am J. PhysioL 258 (Endocrinol 
Metak 21): E482-E484, 1990. 

Gomez^Sanehez, E. P., M. T. Venkataraman. and D. 
Thwaites. lev infusion of corticosterone antagonizes icv-aldos- 
terone hypertension. Am. J. Physiol 2BB (EndocrinoL Mttab, 21): 
E649-E653, 1990, 

KrosBowakit Z. 8., and J. W. Funder. Renal mineralocorticoid 
rec^tors and hippocampal corticosterone binding species have 
identical intrinsic steroid ^>ec]ficity. Proc NaO. Acad, ScL USA 
80:6058*6080, 1983. 

Latif, S. A., T. J. Conca, and D. J. Morris, The effects of the 
Kcoiice derivative, giycynhetinic acid, on hepatic 3^- and 3^- 
hydroxysteroid dehydrogenases and 5a- and S/J-reductase path- 
ways of metabolism of aldosterone in male rats. Steroids 55: 52-58 
1990. 

McsEwen, B. S., L. T. Lambdin, T. C. Rainbow, and A* F 
DeMcola.: AJdostezone effects on salt appetite in adrenalecto- 
mized rats. Seuroendocrinology 43: 38-43, 1986. 
M^san, M. P, J. R. Seckl, and C. R. Edwards. 11^- 
nyarojQ^roiQ dehydrogenase bioactivity and messenger RNA 
expression m rat forehrain: localizatioD in hypothalamus, hippo- 
campus, and cortex. Endocrinology 127: 1450-1455, 1990. 
Monder, C, and V , Lakshml. Evidaiice for kineticaBy distinct 
forms of corticosteroid 1 l/9«debydrogena8e in rat Uver mi- 
crosomes. J, Steroid Biochem. 32: 77-83, 1989 
Monder, C, and V. Lakshmi. Corticosteroid ll^ehydroge^ 
oase of rat tissues: immunological studies. Endocrinohgy 126- 


2, 

3. 

4. 

5. 
6. 

7. 
8. 

9. 

10. 
11. 

12. 
13, 
14. 

15 

16. 

17, 

18. 
19. 

20. 
21. 


HYPBRm>40N, CARBENOXOLONE. AND GLYCYRRHIZlUii^ID 


El 13d 

. 2436^2443, 1990. 

22. Mond^r, P. M. Stewart. V. Lakshmi, R. ValentinOp D. 
Bart, tta4^C. R> W. Edwards* Lieoncs'inlubits corticostexoid 
Uff-^ydkigenast of rat kidney and liver in vivo and in vitio 

23. Morris, I>; J., and G. Soanesa. The 11^-OHSD inhibitor, 
carbenpxolbne^ enhances Na retention by. aldosterone and 11- 
deozycbrticic^sterone. Am; J. Physiol 258 {Renal Fluid Electrolyte 

■ >^>»wt 27): nSG^-^PTSS, 1990: 

24. Naray-Feje^Totli,^^^ Watlington, and G. Fejes- 
Tptli*: IJi^rOydro^Qratexoid dehydrogenaae activity in the i«naJ 
taiget eells 6t aHosterone. Endocrinology l2Bi 17-21, 1991. 

•25, Port«Fr G^ A.v C. B]ibde8t.and P, Sacra* Comparative studies 
on th^ minerak>-€orticoid action of aldosterone ahd carfoenoxf^na 
sodium in the adrenalectomited rat Pharmacology 12: 224-239, 
. 1974* - . . . 

26, Beul. J. M. BL F, Van Den Bosch, and B. R. De Kloet, 
Relative occupation of type-I and type-II corticosteroid receptors 
in rat brain following stress and dexamethasone treatment: func- 
tional iiapfications. J, Endocrinol 116: 459-467, 1987. 

27. Seckl. a. R., P-A. T* Kellyi and J. Sharkey. GlycyxrheUnic 


. scid,aninhibitorof tl^>hydroxysteroid dehydrogenase, alters 
cal cjoebral glucose utilizatidn in vivo. J. Steroid Biochm, MoL 
Bibt 39:777-779^1991. 

28. Stewart, P. M., J. T* Corrie» C. H. L. Shackleton, aad C: 
R. W. Edwards, Syndome of apparent mineralocortieoid excess. 

. /. CUn. Invest 82: 340-349, 1988. 

29. Stewart, P, M., A. M, Wallace, S. M, Atberdon, .0, H, 
Shearing, and C. R. Edwards. Minerak)corticoid activity of . 
carbonoxolone; contrasting effects of carbenoxolone and liquorice 
on ll)?-hydroxy8teroid dehydrogenase activity in rnjin Clin. ScL 
Lond. 7a* 49-54, 1990. . 

30. Ulick, S.» L. S. Levine, and P. Gunczler. A ^droroe of 
j^ypareiit^ mineralocortieoid excess associated with defects in the^ 
periphersl metabolism of Cortisol. J, Clin. Endocrinol Metab. 49: 
757-64. 1979. . 

31. Ulick, S., R. Tedde, and P. Maatero. Pathogenesis of the type 
2 variant of the syndrome of a|^;mreDt mineralocortieoid excess. J. 
Clin. Endocrinol Metab. 70: 200-206, 1990. 

32. Wrange, O., and Z,-Y, Yu, Mineralocortieoid receptor in rat 
kidney and hippocampus: characteri2ation and quantitation by 

. isoelectric focusing. Endocrinology 113: 243-250, 1983. 


. FROM BIOMEDICAL- INFORMATION SERVICE 

■ k4- 


RAHAM 

iiagonists 


KJCKl, 

1 

in rats . 
D. . 

ilament 
.fthe ■ 


vvciigiag 
cid in an * 

/and 


• action . 
tsand 


gohist 
/c 

n rats 


. 1 and 


Journal of 





94 


.rals. 
ant 



FROM B 


hacin 

y-m 

ingof * 
uede- 

using 
buta- 

'cuks 

ving. 

with 
767- 

Upid 

oxine 
BioL 

atioD 
MoL 


Mol. 

avcc . 
(cds) 

1981) 
of a 
-198 


lOMEDICAU- INKOKMATION iifbKVlCjL 


J. PharnL PbanxiacoL 1994. 46: 305-309 
Received August ^» 1993 
Aooepted November 15. 1993 


^ 1994 J. Phftnn. PhamucaU 


A Novel lljS-Hydroxy steroid Dehydrogenase Inhibitor 
Contained in Saiboku-To, a Herbal Remedy for 
Steroid-dependent Bronchial Asthma 

MASATO HOMMA, KITARO OKA, TOMOYUKI NIITSUMA* AND HISAO ITOU* 

Departmeni ^ Clinical Pharmacology, Tokyo Ccifleg9 of Pharmacy, Hormowhi, HachkiH, Tokyo 192^3, Japan, 
arid * Tidrd haemal Medicine. Tokyo Merced Collfge Hospital, 5hlnjuku-ku, Tokyo 160, Japan 

Abstnct— To identify the inhibitor of prednisolone metabolism contained in Saiboku*To, we conducted in* 
vitro experiments of ll/^hydroxysteroid dehydrogenase (ll/7-HSD)» using rat Hvcr homogenate and 
Cortisol as a typical substrate. We studied the effects of ten herbal constituents on 1 1/MiSD. Five herbal 
extracts showed inhibitory activity with Glycyrrhiia glabra> Ferillae frutescens>Zizyjyhu3 PuIgarU 
>Mapiotia offieindlv> Scuteilaria baicalensis. This suggests that unbsown ll^HSD inhilntors are 
oontamed in tour herbs other than G. glabra which contains a known inhibitor, glycyrrhian (and 
gNcyrAetinic add). Seven chemical constituents which have been identified as'thc major urinary products 
of Saibokn-To in heahhy and asthmatic subjecU were studied; magnolol derived from officinalis showed 
the most potent inhibition of the enzyme (1C50, 1-8 x 10'^ m). Although this activity was less than that of 
glycyirhizin» the thhilntion melanism (non-competitive) was different from a known competitive 
nied>anistn. These results suggest tluit magnolol might contribute to the inhibitory effectsbf Saiboku*To on 
prednisolone metabolism through tnhibiUon.ofll/r-HSD. - 


Saiboku-To is the most popular anti-asthmatic Chinese 
herbal medidne (Kampo medidne tn Japan) and has been 
used for corticosteroid-dependent asthma to obtain a ster- 
oid>sparing effect in prednisolone therapy (Nagano et al 
198^). On the basis of animal experiments, the m^banism of 
action of Saiboku-To has been attributed to hormonal 
stimulation of the adrenal cortex (Hiai et al 198 1; Shimizu et 
al 1984) and synerj^c adjuvant effects on autacoid secr^ 
tions (Toda et al 1988) or allergic reactions (type I and IV). 
(Nishiyorietal 1983, 1985). 

ReeenUy^ we proposed another mechanism which involves 
suppression of the systemic elimination of prednisolone 
' (Tanigudu et al 1992). This pharmacokinetic effect seemed 
to result from U^hydroxysteroid dehydrogenase (11/^ 
HSp) metabolic enzyme inhibition, because plasma predni- 
. solone/prednisone ratios following Saiboku-To administra* 
tioh increased ngnificantly (Tanigudu et al 1992). Since 
other Kampo-pfieparations oontahimg Clycyrrhiza glabra 
did not show an effect on prednisolone pharmacokketics 
(unpublished, dataX the effect of Saiboku-To could not be 
explained by known enzyine tnhibitOFS such as glycyrrhizin 
and its aglyoone glycyrrhetinic add, which are contained in 
G. glabra, Tliese observations suggested that Saiboku«To 
must containas yet uncharacterized 1 l^HSD inhibitors. 

In the present study, we carried out in-vitro experiments of 
1 .1 /^HSD inhibition using Cortisol and rat liver homogenate. 

Matoiab and Methods 

Materials 

SaibokurTo (TJ-96, Tsumura Co., Tokyo, Japan) consists of 
fine brownish granules containing ten different herbal 

cxtfacts (Table I). Origiiial herbs used for the assay were 

jCorrnpondence: M. Homma, Departmeni of Clinical Pbaima> 
eplogy. Tokyo CoBege of Pharmacy, Horinouchi, HacUoji, Tokyo 
192-03, Japan. 


purchased from Uchida Wakanyaku Co. (Tokyo, Japan). 
The extracts of Saiboku-To and of original herbs were 
prepared as follows. One gram Saiboku-To or the crushed 
herb in 15 mL 35% cthanol was gently rcfluxcd for 1 h on a 
steam bath. After cooling to room temperature, water was 
added to make a total vohmie of 10 mL before centrifiigation 
at 1 600 ^ for 10 min. The resulting supernatant was used for 
the assay. 

Glycyrrhizin, glycyrrhetinic add, wogonin, and baicaldn 
were purchased from Wako Pure Chemicals (Osaka. Japan). 
Magnolol and honokiol were donated by Professor Y. 
Sashida of Tokyo College of Pharmacy (Fujita et al 1973). 
Medicarpin and oroxylin A were kindly contributed by 
Professor T. Nomura of Toho University School of 
Pharmacy (Tokyo, Japan) and Tsumura Co., respectively. 
8,9-Dihydroj^dihydromagnolol was prepared, by us from 
magnolol by osmic add oxidation (Homma et al 1992). 
Liqumtigenin; was isolated from G. ^abra according to 
Shibata & Saitoh (1978). Chemical structures of these 
compounds are given in Fig. 1. Cortisol and cortisone were 
purchased firom Si^ Chemical Co. (St Louis. MO, USA). 
Other organic and inorganic reagents were of analytical 
grade, v ' 

Rat liver homogenates were prepared in the usual mannen 
fresh Kvcr was isolated from ai male Wistar rat (freely fed. 
body weight 250 g) and was cut into small pieces. The pieces 
were homogenized in 10 vol 0-25 m sucrose in a glass 
homogchizer with a Teflon piston. The homogenates were 
frozen at - 80**^ and stored until incuba tion. 

Instruments 

Our HPLC system for determination of ghicocorticoids in 
incubation mixtures consisted of a solvent delivery pump 
(VIP.I, Jasco, Tokyo), a UV-detector (Uvidec-lOO-lII, 
Jasco), a single pen recorder (Pantos U-228, Nippon Denshi, 
Tokyo), a sample injector with a loop volume of 100 /iL 
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Table I. Herbal compoation ofSaiboku-To. 


Constitoeol herb 
'^ipkimonfdeatum L. 
HneOia temata Bdtenbach 
Foria eocos WoIT. 
SevteBeria hakalmtis Georgi 
Zizyphus vulgaris Lam. 
J*aru2x ginseng C, A. Meyer 

Magnolia offuaatdia MafDoltaceae 
Cfycyrrhiza glatnra L. Lenuhifiosae 
PtrulaeJhtXescensBrinonvzT. acuta Koiio LabUtae 
. Zingibgr offidnaie Roicoe Zingiberaccae 


Family 
Umbdliferae 
Araoeae 
Polyporaceat 
Labntae 
Rhanmaoeae 


Cbmpontioa w/w) 

14-7 
14.7 

"8-8. 
88 
8-8 
3-9 
5-9 
3-0 


(Modd 7125, Rbeodyne, CA, USA), and a silica gel column 
(UCairoisprb Si^. S /iin, Ld, 4 mmx250 ram, Merck, 
DarmsUdt, Oennaiiy). The mobile phase was a mixture of 
watcr/tiiclhanol/diciMororaethanc/n-hexanc (0- 1 /80/30K)/ 
6I;9 v/v) with a flow rate of 1-5 mL min-'. Detector 
sci»itivily was set at O-OOS-IH)! aiifs at 245 nm. Wc used a 
dispdsable syringe mintcolunin (Extrashot, Kusano Sci. Co., 
Tokyo) to perform sample injections (Honuna ct al 1989; 
KouDQ ct al 1990). 

Petermimthn of I ip-HSD mhibitwn actwlty 
We measured 11 ^HSD activity in rat liver bomogenatc 
incubation mixtures, detecting chemical IransformaiioD of 
Cortisol to cortisone in ibe presence of 1 l^-HSD inhibitors^ 
Oxidation at the C-ll position of the steroid nucleus was 
IdneciCaUy diaracterized by measuring the conversion rate of 

, Cortisol to cortisone m the pnesence of NADP* in rat liver 
hbmogenate according to the procedure of Moiider ct al 
(1989) with minor modification. The incubation mixtures 


MagnoBa offfcha^ 


consisted of 620 /iL 0* 1 M Tris-HCI buffer (pH 8-5) containing 
0-014% Triton-X, 50 5 niM NADP*. 100 >it rat Uver 
homogeriate, and 200 fiL aqueous solution for Saiboku-To 
and original herbal extracts or 200 nL buffer solution for 
each chemical such as the known inhibitors (glycyrrhtzin and 
glycyrrhetinic acid) and our candidates isolated from urine 
of subjects receiving the preparation. These chemicals were 
dissolved in a buffer.solution dh^tly or aAer pre*5olubiIiza» 
tion in a small amount of etbanol with a final concentration 
in mcubation mixtures of less tlj/an .2%. After ig min pre* 
incubation at 3TC, 200 pL 0-3 mu Cortisol was added and 
the resulting mixtures were further incubated for 1 0 min. The 
enzyme reaction was terminated by an addition of I OOjiL 5% 
sulphuric acid; Cortisol and cortisone in the mixtures were 
determined by HPLC using Extrashot as described in our 
previous papers (Homma ct al 1989; Kouno et al I99D). 
Briefly, 5 /iL incubation mixture and 2 jliL sodium hydroxide . 
sohitipn were loaded onto Extrashot which was then 
atuched to the ss^nple-loading injector of the HPLC system. 



Known InNbltors 
OH o, 


P 



COOH 


UodOcatpm 
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EthanoV4icWorpmcihaDC (2/98 v/v. 130 //L) was injected 
into the system through Extrasbot using a tuberculin glass 
syringe. Thus, extraction and injection of the glucocorticoids 
in the incubation mixtures were achieved simultaneously. 
The fccovery rates of ghicoooTticoids from the iiicubatioo 
mixture were more than 95% with coefficient of variations 
less than 5%. Direct peak*bdght calibration $>f the test and 
control mixtures iafforded inhibitdry activity '(% inhibition) 
bhhft test mateciak a^gainst 1 l^HSD. 

.Eesnlts 

Effects of herbal extracts 

Efiects of original herbal extracts on conversion of Cortisol to 
cortisone by rat Bver homogenate were compared with that 
of Saiboku-To (Table 2). Cortisone production in the 
reaction mixture was sgnifica'ntly inhibited by Saiboku-To 
and'five original hcr^ extracts (P< 0-05), The magnitude of 
the inhibition (% irihibition) was in the order Saiboku-To 
(87-5%)>G. ghbra (80-8%)> A frutescens (30'9%)>Z. 
vulgaris {;n'6%)>Ai, officinalis (19.8%)>5. baicalensis 
(19-1%). 

^ects of urinary mgtobolites of Saiboku-To 
. Seven, candidates (Fig, 1) were tested with respect to the 


Table Z Effscts of Saibokn-To and its constituent 
beibal.cxtrscts 00 ll/Miydioxysteroid dehydiogeiMse 
in.rat Over homogenate. 




. % activity of 


% inhibition* 

Saiboku-To 

Saiboku-To 

.87-5±3-4** 

IO(H> 

Bifakatum 

r7±5-7 

8*8 

P. ternata 

5-8±4*2 

6*6 

r, cocos 



S. baieatinsis 

191 ±11 '5* 

21-8 

Z: vulgaris 


31-5 

P^giiisertg : 

10^±6'9 

12-5 


. 19-8±3-7*» 

22-6 

C, gtabra. 
P.JruHesctHs 

. 80-8 ±l^" 
30-9 ±9-6^ 

92-3 
35-3 

Z,officbutb . 

l2-8±8'7 

14:6 

' are j 

>rtseoted as mean 

±s.d. of triidicate 

experintestfs. *J 

^kOHW, ••P<0'0I compared wiOi con- 


troL 


Table 3. lohibitioo of U/Miydroxysterotd dehydrogenase by uri- 
nary inetabdlitBS of Saiboko-To and known inhibitors. 


Inhibition (%) 


InJnbiior- 

Urinary metabolites of Saiboku-To 

hfibi^lol 

Dihydroxydihydioinagnolol 

Wo{pO|shi 
Baiolan 

' Known inhibitors 
Glyeyrt hizin 
Olycyrrhetimc add 


lO/iM 

100 MM 

15- i ±4-4 

43'9±3^ 



6<8^1'6 

I4'8±1'6 


51 ±5-5 


l2-2±33 

8M±5-4 

97-3±l-l 


0 3 6 9 


0 3 6 9 


0 3 6 9 


' Tlmo(m!n). 

Flo. 2. Qiromatogr^hic comparison of the effect of magnolol (100 
fM) on transformation of Cortisol (peak 1) to cortisone (peak 2}-by 
n^hydroxysteroid d^ydrogeaase. A. Before mctibalKm with 
magnolol; B. aftdr incobatioa without magnolol; C after incubation 
witEmagnoloL 



9 


8 


lOOO 


'7 6. 5 4 
•Log concn fM) 

Fto. 3, Dosc-dcpcndent inhibitory effects of magnolol honokiol 
(OX dycynrhian (a), and ^ycyrtbctinic add (a) on n/^hydroxy- 
steroM dehydrogenase. Data are presented as mean±s,d. of tnpit« 
cate experiments. 


effects on rat liver 1 I^HSD at concentrations of 1 0 and 100 
fOL "the results were compared with those of the known 
inhibitors, glycyrrhizin and glycynrhetinic add (Table 3).. 
Five of seven candidates showed inhibitory activity at 100 
/iM, although their activities were weaker tlian those of the 

known inhibilors, Dihydroxydihydromagnolol in M. offid* 

nalis and liquiritigenin in (7. glabra did not show any activity 
at the test cbn<^trations, Wogonin^ baicatein, and oroxylin 
A (flavonoids derived from S, baicalensis), and medtcarpin (a 
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O 0,02 0.04 

1/concn 0;M ') 


0.06 


Fig. 4, Lineweavcr-Built double ledprocal plou of initial razyme . 
ydioidly uid coDocntratioo of Cortisol is the presence ofmagnolol at 
concestratioiis oTO (0)» O-l (•X 0-15 (aX and 0>2 (▲) mM. 


bomoisoilayonoid in G, glabra) showed weak activity. 
However, considerable Inhibition was observed with mag- 
ttblplt a neoiignan derived from Af. officmalis. A typical 

' chifomatogram for delennination of the inhibitory activity.of 
magnolol is shown in Fig. 2, where the chemical transforma- 
tion from Cortisol to cortisone was clearly suppressed. The 
dose-dependent inhibitory elfect of magnolol is compared 

. with those of gtycynhizin and glycyrrbetimc acid in ^g. 3. 
the IC50 values of magndbl, giycyrrhizin, and gtycynbeti- 
nic add were I'SxlO-* 2-6x10-*, and 9'OxlO-' M, 
respectively. Since M, officmaOs contains another congener 
of'thagnblol» bonokiol (not a urinary metabolite), we also 
examined the efifect of honokiol on ll^HSD and- found a 
d6seHde|F>eDdent infaibitory effect with IC50 of 7<0 x 10~* M 
(Fig.3)- 

Mechanism of magnolol in Jlfi-^HSD inhibition 
Fig. 4 shows the inhibitory effects Ofmagnolol on rat liver 
.lljSrliSp. The data were plotted according to the Line- 
weavcTrBurk Hnear transformation of the Mtcbaelis- 
Menten equation. The double recaprocal plots on Fig. 4 
suggested ma^iololbas a unique non^mpctitive inhibitory 
mechaman. We were unable, to estimate an inhibition 
constant QCO of magnolol by the Dixon plot because of this 
non^oiiipeti^ inhibition. 

DiscnsdoD 

This paptr suggests the presence of several novel inhibitors . 
of. il/^HSD in five constituent herbs. G. glabra, F. /rules- 
cens^ Z. m^gqris^ Af, officinalis and S* baicaknsis. Altbougb 
- these inhibitort seem to contribute to in-vitro activity of - 
•SaibolnHTo, theirooiitributloos to prednisolone metabolism 
during .^dixiical Saibokn-To tres^^nt has been undear. 
However, we erbphasize the importance of this possibility^ 
since our biologically active cbmpounds in herbal medicine 
.sire fouiui-itt biofluids following administration (Homma et 
al 1992; 199^). 

In our previous study, we found seven phenolic com- 
pounds in urine after oral administration of Saiboku-To 
(Homma et al 1992, i993a, b). These compounds seemed to 
be possible ^didates which explain iihvivo effects of 
Saiboku-To. Five of these compounds showed tnhibitoiy 


activity against U^HSD in-vitro (Table 3). The inUnsitics 
of those activities were almost equal to those of the 
corresponding herbal extracts, except that G. glabra^ con- 
taining giycyrrhizin, concealed the effects of Bquiritigenin. 
and medicarpin. Magnolol exhibited activity at concentra- 
tions higher than 1 x 10-* M (Fig. 3). Similar activity was also 
observed in honokiol, a hydroxylated derivative ofmagnolol 
isolated from officinalis but not fouxxS as a urinary 
metabolite of Saiboku-To. 

The novel M/^-HSD inhi^tors found in this study belong 
to a class of phenolic compouikds, h'gnans and flavonoids, 
whose chemical structures are completely different from 
those of the previously described inhibitors. Unexpectedly, 
the inhibition mechanism of niagnolol seems to be different 
from those of the known inhibitors, the. latter exhibiting 
competitive inhibition (Monder et al 1989). Although 1 1^- 
HSD inhibitors have been considered so far to belong to a 
limited class of liquorice triterpenoids, the present results 
suggested that the naturally occurring lignans and flavonoids 
also possess inhibitory activity through a different mechan- 
ism. 

Urinary non-conjugated magnolol in responders to Sai- 
boku-To is significantly higher than that in the non- 
responders (Homma et al 1993a, b). This suggests that 
magnolol is an iniportant chemical constituent for the 
dinical effects of Saiboku-To, playing an important role for 
alteration of predmsolone pharmacokinetics. 

The inhibitocy effects of liquortee glycosides on 1 1 /^HSD 
are so marked in animal experiments in-vivo and. in-vitro 
(Monder et al 1989; Mackenzie et al 1990), that Saiboku-To 
could inhiUt I l^HSD even though the glycyrrbirin content 
is relatively smalL However, the effect of Saiboku-To cannot 
be explained by glycyrriiizin alone, because another Kampo 
preparation, Sho-Saiko-To which contains G, glabra but not 
A cocost M. officinalis or P. frutesctns^ did not affect 
prednisolone pharmacokineiics in healthy subjects (unpub- 
lished data). Animal experiments using pure compounds will 
be needed to clarify the role of lignans and flavonoids on 
prednisolone metabolism. • 
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PHARMACODYNAMICS AND 
DliUG ACTION 

Grapefruit juice and its flavonoids inhibit 
1 1^-hydroxysteroid dehydrogenase 

inmducHenzThc caizymc llp-hydroxystcrold dehydrogenase (lip-OHSD) oxidizes Cortisol to inactive 
■' cdrtisdnc Its congenital absence or iniiibition by Ucodce Increases Cortisol levels at the mincralocorticbid 
receptor, causing miheralocorticoid effects. We tested the hypothesis that fiavonoids found in grapefruit 
j^ce ifihibit this ctKyxne in vitro and that grapefruit juice itsdf inhibits it in vivo. 
itfi^i^'&^€ro$dmcs from guinea pig kidney cortex were incubated with Cortisol and nicotinamide 
adenine dinudeottde (r?AD) or nicotinamide adenine dinudeotide phosphate (NADP) and different 
flavonoids and the oxidation to cortisone measured with use of HPLC analysis. In addition, healthy 
human volunteers drank grapefruit juice, and die ratio of cortisone to Cortisol in tiicir urine was measured 
by KPLG and used, ad an Index of endogenous enzyme activity. 

i&n/tr; Both forms of II p-OHSD requiring either NAD or NADP were hihibitcd in a concentration- 
dependent manner by the flavonoids in grapefruit juice. Normal men who drank grapefruit juice had a fill 
in thdr urinary cortbbnc/cortisol ratio, suggesting in vivo inhibition of the enzyme* 
C^clnnoiu Dietary flavonoids can inhibit this enzyme and, at high doses, may cause an apparent 
nimetalocorticoid effiect. (Clin Pharmacol Thee 1996;59:62-71.) 

til Scob Lcc, AID,* Beverly J. Lorenzo^ BS, Thco Kpufis, MS, and 
Malrcus M. Reidenberg, MD NewTorkN.T 


The enzyme lip-fiydroxysteroid dehydrogenase 
(lip-^GiHS|D) oxidizes Cortisol to inactive corti- 
sone. This enzyme in the Iddney regulates the 
amount of miheralocorticoid activity there, be- 
cause Cortisol binds ais aividly to the mineraiocor- 
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ticoid receptor as aldosterone does. Deftciency of 
this enzyme in children, first described by Ulick et 
al.^ in 1977, causes high Cortisol levels in the 
kidney that result in hypertension and hypokale- 
mia, licorice-induced hypennineralocorticoidism 
is probably due to the inhibition of ll^-OHSD by 
glycyrrhlzic acid, the active principle of licorice*^ 
Much research has been done since 1977 on syn- 
dromes of apparent mineralocorticoid excess.^*^ 

Goss^l a poiyphenolic constituent of cotton 
seed, has been studied in China as a potential . 
male oral contraceptive, but hypokalemia devel- 
oped in some Chinese men while they were taking 
iiJ We found that gossypol inhibited lip-OHSD 
activity in guinea pig^ and human renal cortical 
mcrosomes.' Because there are structural simi- 
larities between gossypol and some flavonoids, we 
tested some of these and some other compounds, 
such as diuretics, that cause hypokalemia^'^^ and 
discovered that some inhibit this enzyme. Narin- 


NOTICE TOIS MATERIAL MAY BE PROTECTED 
BY COPYRKJHT UW (TTTLE 17U.8; CODE) 


\tVfV,t I. I \* Vt lt.Z.I/OI« ll.tVXi^V. *««/UA<.V7UVW t 


CLINICAL PHARMACOLOGY & TKERATEUTICS 
VOLUME 59. NUMBER I 


et al. 63 




Naringin 


0^* 



H«0p«ratin 


Hup«ridin 





Structures of flavonoids. 


Aplgmin 


genin, the aglycoae of naringin, is a major fla- 
vonojd in grapefruit juice and inhibits this en- 
zyme. Recent work suggests that there are two 
isoforms of this enzynae, nicotinamide adenine 
dinucleotide (NAD)-dependcnt lip-OHSD and 
nicotinamide adenine dinucleotide phosphate 
(NAD?)-dependent lip-OHSD with specific tis- 
sue distributions."-*^ The effects of these fla- 
vonoids are worth study because about 25 mg of 
flavorioids has been recently estimated to be in- 
gested daily in the diet," whereas older studies 
. cite as niuch as 1 gm per day.^* 

th9 objective of this study was to learn which 
other flavonoids in grapefruit juice inhibit Up- 
OHSD in vi^ and whether grapefruit juice inhibits 
the enzyme in vivo. 

MATEBSAL AND METHODS 
In Vitro study 

Oiimieals ond soiutions. All flavonoids (see Struc- 
tures), cortisone, Cortisol, corticosteroue, NAD, 
NADP, 99.9% dimethyl sulfoxide (DMSO), and 
Sigma DiagrirtJtic Total Protein Kit (cat. No. 690-A) 

were purchased from Sigma Chemical Co., St. 
Louis, Mo. All flavonoids were dissolved in DMSO. 
Cbrtisone, Cortisol, and corticosterone were dis- 


sohred in methanol (J.T. Baker HPLC grade pur- 
chased from VWR Scientific, Piscataway, NJ.) (1.4 
mmol/L) and kept at -4*C. NAD and NADP (5 
mmol/L) were dissolved in Tris hydrochloric acid 
buffer (0.1 mol/L, pH 8.0), 

Microsomal preparation and assay of ll^OHSD 
activity. Guinea pig kidney cortex was obtained from 
long-haired male Hartley guinea pigs (Hilltop, Pa.). 
Tissue was homogenized by a Tekmar Tissuemizer 
(Cincinnati, Ohio). Microsomes were prepared, di- 
luted to a concentration of 1.25 mg protein/ml as 
measured by the Sigma Diagnostics Total Protein 
Ki< and stored at -70° C. The enzyme activity in the 
microsomes was determined by measuring the rate 
of conversion of Cortisol to cortisone in the presence 
of NAD or NADP as described previously.*"*^ Each 
flavonoid was studied with use of NAD and NADP 
as the cof actor. The conversion rates from Cortisol 
to cortisone were determined, and the extent of 
inhibition was calculated The drug concentrations 
that inhibited the enzyme by 50% (IC50) were esti- 
mated from duplicate incubations at each concen- 
tration of at least three different concentrations of 

each flavonoid by use of the dose-response pro- 
gram of Chou and Chou (Dose-effect Analysis with 
Microcomputers, Elsevier-Biosoft, Cambridge, En- 



64 LccetaL 

glandj 1989). For each flavonoid studied, at least 
one concentradon was above and one below the 
IC50. 

Anialytical method for urinary cortisone 

and.coirtiispl . « 

We modified our HPLG method for measuremenl 
of the^ oonipounds from microsomal incubation mix- 
tures.^ The eqtiipment consisted of a Waters Auto- 
mated Gradient Controller with two Waters 6000A , 
pumps Oyatets Chromatography, Miiford, Mass.). 
The injector was a Waters U6K and the detector was 
a Waters 486 Tunable Absorbance Detector set at a 
wavelength of 246 nro and 0.15 absorbance units full 
scale. The separation was pe^rformed with a Waters 
Nova-Pak Qg 3.9 K 150 nun stainless steel column (4 
^uh spherical particle size> pore size 60 A, 7% caiboii 
load, cnd^apped) or with a Waters |xBo*idapak C^g 
3.9 X 300 mm column (10 |un irregular partide size, 
pore size .125 A, lCi% carbon lead, end-capped). The 
peak areas, were recorded on a SE120 plotter pur- 
chased through Watias Cbrorhatography. 

The mobile phase was methanoVwater, initially 
at 70% water: 30% methanol. Conditions were 
changed over the first 6 minutes to 56% water: 44% 
methanol in a linear gradient that was then held 
isoditically for 14 minutes. The gradient was then 
reversed linearly to 70:30 over 3 minutes and the 
cblunin equiUbrated for. 5 minutes before the next 
injection. The flow rate was 1 mlAnin. 

Procedure 

To each 10 ml aliquot of every standard and 
sample (performed in duplicate) was added 40 ^1 of 
the 25 jjig/ml corticosterone* as the. internal stan- 
dard..The samples were briefly vortexed to mix. One 
miliilitcfr of .0.1 mol/L of sodium hydroxide was 
added to eadi test tube and again briefly vortexed to 
mix. Three milliliters of methylene chloride were 
added to' each sample, capped with Teflon-lmed 
screw tops, and rotated for 45 minutes oil a mechan- 
ical rotator at approximately 20 rpm. The samples 
were centnfuged at 3000 rpm (lOOC^) for 15 miri- 
^ utes. The aqueous layer (top) was aspirated to 
waste. Again the samples were centrifuged for 10 
miAutes at 3000 rpm and the remainder of the aque- 

*Conicbsterone is excreted by humans' at a rate Uiat svtrages 6 
fLg^4 hours'^ or less than of \% of \5 to 4.0 ing/24 hour 
prbduction rate.'° Thus the coDcentration from endogenous 
sources is less than 1Q% of that added, a negligible amount for 
this assay. 
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ous phase was aspirated. A small spatula full of 
sodium chloride (-150 mg) waCs added to each sam- 
ple, and any emulsion was broken up with a Pasteur 
pipet. The samples were then again centrifuged for 
10 minutes. The organic layer was carefully trans- 
ferred to dean test tubes and evaporated to drynesis 
in a warm water bath (-45" C) under a stream of 
nitrogen. The residue was redissolved in 150 jil of 
HPLC grade methanol and injected into the HPLC. 
" The retention times were 16J, 19.0, and 233 
minutes for cortisone, Cortisol, and corticosterone, 
respectively, on a Waters 10 micron, 300 X 3.9 mm 
stainless steel piBondapak Cig column. On a Waters 
4 micron, 150 X 3.9 mm Nova-Pak, the retention 
times for' cortisone, Cortisol, and corticosterone . 
were 12.8, 13,6, and 17.8 minutes. Levels measured 
in about 60 human urine samples ranged from 7.1 to 
2i5.4 ng/ml for cortisone and AJS to 230.1 ng/ml for 
Cortisol. The. ratio of cortisone, to Cortisol was 
0.2 to 5.7. 

Hie absolute recovery was 70% for Cortisol and 
69% for cortisone. The interday coefficient of 
variation for cortisone was 6.5% for 25 ng/ml and 
lJ57o for the 100 ng/ml standard. For Cortisol, the 
values were 6.3% for 25 ng/ml and 1.1% for 100 
ng/ml. Cortisone dissolved in methanol was chro- 
matographed and the peak was collected. The 
putative cortisone peak from extracted urine was 
also collected, and both fractions were scanned 
with a Varian Gary 219 spectrophotometer. The 
peaks had identical absorption spectra, with ab*- 
sorption maxiinums at 239 nm. (The CRC Hand- 
book of Chemistry and Physics states that the 
absorption maximum of cortisone in alcohol 
is. 237 nm). 

All samples were assayed twice in duplicate. Stan- 
dard curves for cortisone and coitisol were deter- 
mined and plotted as in the in vitro study. Concen* 
trations of these steroids in unknown samples were 
extrapolated from these standard curves.^^ . 

In vivo preliminaiy study 

Six male volunteers aged from 35 to 65 years (two 
investigators and four other members of the Depart- 
ment of Pharmacology) who* were living at home 
gave daily morning urine samples for 4 days. They 
then drank grapefruit juice, requested to be at a 
dose of a quart a day, for 7 days, and gave daily 
morning urine samples on the last 4 days of this 
period. After a 3-day washout period, the subjects 
again gave daily morning urine samples for 4 days. 
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EFFECT OF GRAPEFRUIT JUICE ON 
URINARY CORTISONE TO CORTISOL RATIO 
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Fig* 1, Prelimmary study results in six subjects living at home. Subjects 1 and 6 were two of 
the authors, who arc knbwn to have consumed the full .amount of grapefruit juice. 


Tli^ cortisone and Cortisol concentrations were mea- 
sured in each urine sample. The two investigators 
(stibjects 1 and 6) had a decrease in the ratio of 
lirinaiy cortisone to Cortisol during the grapefruit 
juice period compared with the control periods be- 
fore and after grapefruit juice (mean * SD for 


subject 1 was 11.4 ± 3.1, 5.7 ± 0.9, and 10.2 ± 2.1; 
mean ± SD for subject 6 was 4.8 ± 0.4, 3.6 ± 0.6,^ 
and 4.7 ± 0.8). The other four , subjects had no 
significant change. All data are shown in Fig. I. 
Subjects 1 and 6 then volunteered for the dose- 
response study. 
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nase by ddfercm flavonoids with use of nicotimimide adenine dinudcotide (NAR «^ ban) or 
nicotmamidc adenine dinudeotide phosphate (NADP; bow) as a cofeclor. V < 0 05 


In ylvQ dose^i^pohse.studiy 

Th^ two voluntcets (subjects 1 and 6) gave 
urine samples for -the last 4 days of four 7-day study 
periodi. (1) First control period: Each subject coN 
lecied a lO^hour (7 am to 5 ?m) urine sample daily 
for 4 days (one subject inissed 1 day of sample coflec- 
po^; (2) Ixjw-dbise period: Each subject drank 950 to 
1060 ml g^pefruit juice a day for 7 days and gave 
10-hour urine samples for the last 4 days of the 7-day 
period (3) High^dose period: Each subject drank 1900 
to 2100 ml (double volume of IowkIosc period) grape- 


fruit juice for 7 days and gave daily lO-hour urine 
samples for the last 4 days, (4) Second control period: 
Each subject gave daily 10-hour urine samples for 4 
days, after 3 days oif a washout period. 

Id vivo metabolic balance study 

Protocol Two different healthy male volunteers 
(aged 26 and 31 years)^ not previously screened for 
re^nsiveness to grapefruit juice, gave informed writ- 
ten consent and were admitted to the dinical research 
center for 3 weeks. Ah evaluation before the study 
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EFFECT F DIFFERENT DOSES FQRAPEFRUIT 
JUICE ON URINARY CORTISONE TO CORTISOL RATIO 
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Fig. 3. Urinaiy cortisonc/cortisol ratios in subjects in dosc-responsc study. Each period 
inchide four daily urine collections. Each urine sample was assayed twice, each assay in 
duplicate. Ead) point represents a single assay (four points per daily urine). 


sliowed normal physical findings, serum chemis- 
tiy, hematology, and ECC3 for both subjects. They 
ate a diet that had a constant amount of sodium 
and potassium during tho study (potatoes, ba- 
nanas, and lemonade during control periods to 
balance the grapefruit juice during the experimen- 
tal period). Their bipod pressures and body 
wdghts .were measured daily. Twenty-four-hour 
urine was collected for free cortisone, Cortisol, 
Na*, and KT for the last 4 days of three 7-day 
study periods. Blood samples were drawn for Na"^ 
ahd'K"*' for the same periods. Plasma renin activ- 
ity, aldosterone and Cortisol, arid urinary aldoste- 
rone excretion were measured at the end of each 
period. The first and third weeks were the control 
periods.. The second week was the experimental 
period in which 1500 ml grapefruit juice (100% 
from concentrate, Ocean Spray Cranberries Inc., 
Lakeville, Mass.) was consunied daily. 

Sta^stics. Hie Bonferroni t test after a one-way 
ANOVA was used to assess statistically significant dif^ 


Table I. Inhibition of llp-OHSD. in microsomes 
of guinea pig kidney by various fiavonoids in the 
presence of NAD or NADP 


IC^oOmtol/L) 


Fiavonoids 


NAD 


NADP 


Quercetin* 

Apigenin* 

Kaempferol 

Naringenin* 

Hesperetin* 

Naringin* 

Hesperidin 


192 X 18 
. 284 ± 25 
322 ± 13 
496 ± 77 
769 i: 69 
21,191 ± 4,949 
>55.00O . 


355 T 82 
125 i 16 
293 ± 62 
264 ±63 
509 ±45 
10^50 ± 1,U6 
>50,000 


. Data are mevi vahies ± SD. 

lia^HSD» 110-Hydnwysteroid dehydrogenase; NAD. ntcotinaoiid* 
adeoine dmudeodde; HAOP. oicotioaxnide adenine dinudeottde pbos- 
pfaaie; drag cooceBtrauon that inhibited the en^rme by 50%. 

V < 0.05: NAD compared with NADP, 

feiences. Statistical significance was assumed when the 
corresponding p values were lower than a = 0.05. 

Approval. All human studies were approved by the 
Cbmell Institutional Review Board. 
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CLIN: V ?HARM.\COLOCy tt THEJWPEUTICS 


SUB JECT A 


180 r 


I NORMAL DIET k GlUPTOinrJWCB | . NORMAL DIET "1 


^Potassium 
intake- 



Day 

Urinaiy . 
opitisone/coftisol 


1 2 3 4 5 6 


7 8 9 10 11 I2 M3 .14 15 16 17 18 19 20 21 


Z7 Z9 3.1 3.J 


1.9 22 22 2,1 


.3.5 3.0 3.8 2.8 


piiBsma coxtisol - 
(incg^dl) . 

11.8 

12.8 

13.5 

Plasma renin 

activity(iig/ral/hr) ^'^^ 

1.4 

1.4 

1.6. 


)■ 


^^.i ^^""^ ^ metabolic balance study. Cjpen Daily, urinaiy sodium 

exerc^on; sohd bars, potassmo, excretion. The cortisonc/cortisoJ raUos in the grapefruit juice 
period are signifi^tly different from each normal diet period The urinaiy free Cortisol during 
grapefruit juicc differs significantly from the first but not the second control period 


In vitro studly 

The renal cbrtex homogenate obtained from male 
guinea pigs readily converted Cortisol to cortisone 
after 1 hour of incubation at Src with NAD or 
NADP as a cofactor. There was no difference in the 
conversion, rate between NAD and NADP (mean ± 
SD,75.1% ± 733% with NAD versus 71.0% ± 685% 
with NADP; p > -0.05). However, the Michaelis- 
Menten con^t (K„) yahies for NAD and NADP 
calculated from the ttouble reciprocal plots were sig< 
nificantfy different (36.4 ± 7.02 lunoVL with NAD 
versus 57,6 * 13.1 junol/L with NADP;/? < 0.05). 

Each flavonoid inhibited the enzyme in a 
concentration-dependent manner. TTie inhibition 
rates for most flavonoids with Use of NAD differed 
from that with us^ of NADP (Fig. 2): The IC« 
values of the flavonoids to inhibit the NAD- or 
J^'^jWj'^^g fo™ of II3.OHSD are given in 
Table Ij Quercetin was the most potent inhibitor 


with NAD; apigenin, kacmpfcrol, and naringenin 
had similar potencies. Apigenin was found to be the 
Bttost potent inhibitor with NADP, whereas the po- 
tency of naringenin, kaempferol, and qucrcetin were 
similar, Naringin and hesperidin were poor inhibi- 
tors, and their IC50 values were much less than that 
of their agtycons, narmgenin and hesperetin. The 
IQso values of each flavonoid with use of NAD as a 
cofector differed from the iC5o values with NADP as 
the cofactor, except for kaempferoL 

In vivo dose>resp6nse study ^ 

The two subjects who drank grapefruit juice 
showed a dose-dependent decrease in their urinary 
cortisone/cortisol ratios, indicating inhibition of 
lip-OHSD by grapefruit juice (Hg. 3). :^ch 4-day 
period was statisticaUy significantfy different from 
the control periods, and the low- and high-dose 
periods differed in subject 1 statistically and in sub- 
ject 6 numerically but not statistically. 
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SUBJECTS 



■^-Sodium 
tfitake 

Polassiuxn 
50 iolalce 


Day 1 2 

3 4 5 6 7 8 9 

10 n 12 13 14 15 16 17 

18 19 20 21 

Unoary 
coftssonc/cordsol 

3.7 3^ 3.6 23 

U 1.6 U 

3.4 3.8 4.3 3.7 

Plasma Cortisol 

W.9 

9.6 

10.0 

Pbuma renin 
acdvity(ng/khl/hi) ^'^ 

3^ 

Z5 

2.) 


Rg. 5. VaJues for subject B In mctaboUc balance study. C^n bars. Daily unnaiy sodiujn 
excretion; soUd ban, potassium excretion. The. cortisone/cortisol ratios and the unnary free 
Cortisol during the grapefruit jiiice period are significantly different from both control penods. 


In vivo metabolic balance study 

The actual values for each subject are presented 
in Fip. 4 afid 5. The mean ratios Gf. the uri- 
nary cortisone to Cortisol fell with grapefruit juice. 
and> recovered during the second control period 
(mean ± SD, 327 ± 0.48 during the first control 
period, 1.88 ± 0.28 during the grapefruit juice pe- 
riod, and 3^2 ± 0.46 during the second control 
period). Urinary free Cortisol levels also were in- 
creased durihg the grapefhiit juice period and re- 
turned to the control level after subjects ceased to 
drink grapefruit juice (mean i SD. 34.3 ± 19.0 for 
the first control period, 5S2 ± 92 for the grapefruit 
juice period, and 26.3 ± 12.9 for the second conUol 
period; p < 0.05 for each control period conipared 
with grapefruit juice period). There was a little 

change in the body weight during the study (67.3 1 
OA, 67.8 ± 0*3, and 67i ± 0.1 kg for subject A and 
73.5 ± 0.8, 74.4 ± 0.2, and 74.4 ± 0.1 kg for subject 
B, in the first control, grapefruit juice, and second 


control periods, respectively): The urinary sodium 
and potassium values were variable during; the study. 
There were no significant changes in plasma potas- 
sium levels and blood pressure values during the 
study. 


DISCUSSION 

Grapefruit juice is known to inhibit the fi^*P^ 
oxidation of felodipine and nitrendipine.'^ pre- 
sumably because of compounds in the juice that 
iiAibit cytochrome P450 3A. We did this study io 
learn if it also inhibited another in vivo oxidation, 
that of lip-OHSD. We tested several flavonoids 
present in grapefruit jiiicje for their ability to inhibit 
lip-OHSD from guinea pig renal cortex microsomes. 
The two diferenl isofonns of the enzyme, NAD-, 
dependent and NADP-dependent lip-OHSD. had 
different values for Cortisol, and the flavonoids had 
different IC50 values for the two forais. We confinhed 
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the ^ding of Walker ct al.!^ of similar conver^on 
rates, for the two forms. 

There are a number of flavonoids in grapefniit 
juice, Naringih is the most abundant flavonoid, 
present in concentrations of up to 1 mmoI/L.^* It is 
thought to be converted to the aglycone naringenin 
in the intestine after oral administration. Because 
the. flavonoids in grapefruit juice inhibited lip- 
OHS^D in vitro, we evaluated the ability of grape- 
fruit juice to inhibit the enzyme in vivo. Drinking 
gra'plefiruit juice lowered the urinary cortisone/corti- 
sol^l^tios in the two investigators and both inpatient 
subjects, indicating in vivo inhibition of the enzyihe. 
At ihe doses consumed, it did not change renal 
electrolyte clearance. Natural licorice in very high 
doses causes mineralocorticoid eflfects by inhi- 
bitipn of. this cnzymc.^-^zzj ^^-^^ ^^^^ ^^^^^^ 

fruit juic^t inhibited llp-OHSD, but the effect was 
too miJd to cause electrolyte changes in these 
subjects because their urinary free Cortisol did not 
exceed ibe normal range. A possible alternative 
explanation is that ring A reduction of Cortisol 
and not llp-OHSD inhibition is the major cause 
of the syndrome of apparent mineralocorticoid 
excess.^^^ . ' 

If the .conventional view that lip-OHSD inhibi- 
tion is the cause of the syndrome, and if there are 
differences in different people's enzyme sensitivity 
to th^se inhibitors, as we found with different strains 
of gwnea pigs for gossypol inhibition,* some people 
may increase their potassium clearance if they drink 
large amounts of grapefruit juice. Furthermore, fla- 
vonoids are sold in tablet form in health food stores 
and drug stores. If .people take large quantities of 
flavonoids as dietary supplements, it is possible that 
the flavonoids may cause sufficient lip-OHSD inhi- 
bition to produce the syndrome of apparent miner- 
alocorticoid excess. 

We thank Patricia Danfon for her help. 
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Endogenous 11 beta-hydroxysteroid dehydrogenase inhibitors and 
their role in glucocorticoid Na+ retention and hypertension. 

Morris D J, Souness GW 

Department of Pathology and Laboratory Medicine, Miriam Hospital, Lifespan 
and Brown University School of Mediciiie, Providence, RI 02906, USA. 

1 1 beta-hydroxysteroid dehydrogenase (1 1 beta-HSD) metabolizes active 
glucocorticoids to their inactive 1 1 -dehydro products and protects renal 
mineralocorticoid receptors from the high circulating levels of endogenous 
glucocorticoids. 1 1 beta-HSD has been suggested to be important not only in the 
control of renal sodium retention but also blood pressure. We had previously 
shown that 1 1 alpha- and 1 1 beta-hydroxyprogesterone (1 1 alpha- and 1 1 
beta-OHP) were (I) potent inhibitors of 1 1 beta-HSD (Isoforms 1 and 2) activity 
in vitro, (ii) able to confer mineralocorticoid (MC) activity upon corticosterone 
(B) m vivo and (iii) hypertensinogenic when chronically infused into 
Sprague-Dawiey (SD) rats. In addition we also showed that 3 
alpha,5B-tetrahydroprogesterone (3 alpha,5B-THP) and chenodeoxycholic acid 
(CDCA) were potent mhibitors of 1 1 beta-HSDl activity but not 1 1 beta-HSD2 
activity, however, these substances were still able to confer MC activity upon B in 
the adrenalectomized rat. To assess the possible blood pressure modulating effects 
of 3 alpha,5B-THP and CDCA we have now infused these substances into mtact 
SD rats continuously for 14 days. Both 3 alpha,5B-THP and CDCA caused a 
significant elevation in blood pressure within seven days, an effect that persisted 
throughout the 14-day infusion. These results show that both 3 alpha,5B-THP and 
CDCA are hypertensinogenic in the rat and that the mhibition of either 1 1 
beta-HSD2 or 1 1 beta-HSDl activity by endogenous progesterone metabolites and 
CDCA may be involved in the pathology of hypertension. 
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Carbenoxolone increases hepatic insulin sensitivity in man: a novel 
role for ll^oxosteroid reductase in enhancing glucocorticoid receptor 
activation. 

Walker BR, Connacher AA, Lindsay RM, Webb DJ, Edwards GR. 

University of Edinburgh, Department of Medicine, Westem General Hospital, 
Scotland. 

In the kidney, conversion of Cortisol to cortisone by the enzyme 1 1 beta- 
hydroxysteroid dehydrogenase protects mineralocorticoid receptors from Cortisol. 
In the liver, a dififereat isoform of the enzyme favors 1 1 beta-reductase conversion 
of cortisone to Cortisol. We have tested the hypothesis that hepatic 1 1 beta- 
rediictase enhances glucocorticoid receptor activation in the liver by inhibiting the 
enzyme with carbenoxolone and observing effects on insulin sensitivity. Seven 
healthy males took part in a double blind randomized cross-over study in which oral 
carbenoxolone (100 mg every 8 h) or placebo was administered for 7 days. 
Euglycemic hyperinsulinemic clamp studies were then performed, including 
measurement of forearm glucose uptake. Carbenoxolone increased whole body 
insulin sensitivity (M values for dextrose infusion rates, 41.1 +/- 2.4 mumol/kg.min 
for placebo vs. 44.6 +/- 2.3 for carbenoxolone; P < 0.03), but had no effect on 
forearm insulin sensitivity. We infer that carbenoxolone, by inhibiting hepatic 1 1 
beta-reductase and reducing intrahepatic Cortisol concentration, increases hejpatic 
insulin sensitivity and decreases glucose production. Thus, plasma cortisone 
provides an inactive pool that can be converted to active glucocorticoids at sites 
where 1 1 beta-reductase is expressed, abnormal hepatic 1 1 beta-reductase activity 
might be important in synckomes of insulin resistance, and manipulation of hepatic 
1 1 beta-reductase may be useful in treating insulin resistance. 

Publication Types: 

• Clinical Trial 

• Randomized Controlled Trial 

MeSH Terms: 

• 1 1 -beta-Hydroxysteroid Dehydrogenases 

• Adult 

• Blood Glucose/metabolism 

• Carbenoxolone/pharmacology* 

• Cross-Over Studies 

• Double-Blind Method 

• Forearm/blood supply 
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"Substances: 

• Blood Glucose 

• Receptors, Glucocorticoid 

• Insulin 

• Carbenoxolohe 

• Hydroxysteroid Dehydrogenases 

• 1 1 -beta-Hydroxysteroid Dehydrogenases 
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Licorice inhibits 11 beta-hydroxysteroid dehydrogenase 
messenger ribonucleic acid levels and potentiates glucocorticoid 
hormone action. 

Whorwood CB, Sheppard MC, Stewart PM 

Department of Medicine, University of Binningham, Queen Elizabeth Hospital, 
Edgbaston, United Kingdom. 

1 1 beta-Hytfroxysteroid dehydrogenase (1 1 beta HSD) is responsible for the 
interconversion of Cortisol to cortisone [corticosterone (B) to 
1 l-dehydrocorticosterone in rodeiits] and confers ligand specificity to the 
mineralocorticoid receptor. Inhibition of 1 1 beta HSD by licorice derivatives 
fglycyrrhizic and glycyirhetinic (GE) acids] results in cortisol/B and not 
aldosterone acting as a potent mineralocorticoid. 1 1 beta HSD is ubiquitously 
expressed and, by converting active glucocorticoid to inactive metabolites, may be 
an important prereceptor regulator of ligand access to the glucocorticoid receptor 
• (GR) To investigate this further, we have studied the effect of 1 1 beta HSD 
inhibition by Ucorice derivatives on PRL gene expression (a known glucocorticoid 
target gene) in rat pituitary GH3 cells. Glycyrrhizic acid admmistration to rats m 
vivo (75 mg/kg.day for 5 days) resulted in inhibition of 1 1 beta HSD activity, as 
previously reported, but also a significant reduction in steady state 1 1 beta HSD 
mRNA levels in both predominantly mineralbcorticoid (kidney and distd colon) 
and glucocorticoid (Uver aiid pituitary) target tissues. In vitro, 1 1 beta HSD _ 
mRNA and activity were present in rat pituitary GH3 cells (81% conversion of B 
to 1 l-dehydrocorticosterone/4 x 10(6) ceUs after 24-h incubation) and mhibited by 
. GE in a dose-dependent fashion. While B or GE alone (10(-8)-10(-5) M) had httle 
or no effect on PRL mRNA levels or immunoassayable PRL, combinations of Gb 
plus B resulted in marked inhibition of PRL mRNA levels and secretion, to such 
. an extent that a concentration of 1 0(-6) M B with 1 0(-6) M GE was inore potent 

than equimolar concentration of the synthetic GR agomst RU 28362. This 
. inhibitory effect on PRL mRNA levels was blocked by a 10-fold excess of the OK 
antagonist RU 38486, but not by a 1 0-fold excess of the mineralocorticoid 
receptor antagonist RU 26752, confirming that this potentiation of glucocorticoid 
hormone action was operating through the GR and not the mineralocorticoid 
receptor In addition to its estabUshed role as a competitive inhibitor of 1 1 beta 
HSD licorice results in pretranslational inhibition of 11 beta HSD both m vitro 
and in vivo. 1 1 beta HSD is clearly an important mechanism in regulatmg tissue 
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levels of active glucocorticoid and, hence, ligand supply to the GR. 
PMID: 8504732, UI: 93279206 
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Inhibition of llj? -Hydroxy steroid 
f^^ydrogenase Obtained, from Guinea Fig 
pteey by Furosemide, Naringemn and Some 

Other Compounds 

Yin Di Zhang,* Beverly Lorenzo and Marcus M. Reidenbergf 

bepartments of Pharmacclogy and Medicine, Cornell University Medical ColUge, 1300 York Avenue, New York. 
. . NY 10021, U.S.A. 

S*'id hUitSrr^'°'f dehydrogenase (ll/T-OHSD) can cause excess mineralocortlcoid 
SottSuSr^^n w '"''"r*"' '^"'^'^^ hypokalemia (glycyrrhizic acid in licorice and 
BiSS^i ' compounds for activity to inhibit ll/t-OHSD in guinea 

SLj^£fwhS?„rr'r" ^''^ N^DP as cofactor and Cortisol as substrate. Furpsemide Ls an 
^SL^A^y '^'^^Z^f ''''^^^8 a mechanism for the increased K> excretion caused 
aL r compared with bumetanide. Naringenin (found in grapefruit juice), ethacrynic acid 
^iot wS^^i^'l,^:;*' ''^'^ glycy?rhi«p Ld/we concrde^i 

S!^oid a^Z? ^ ""'^"^^ ""'^ '^^y * *° metabolism and adrenocor- 

J. Steroid Biochem. MoUc. Biol., Vol, 49i No. 1, pp. 81-«5, 1994 


INTRODUCTION and fomiation without affecting testosterone levels [7]. 

The syndrome of apparent mineraloconicoid excess f Chinese men who received gossypol developed 

fit^t described by Ulick, Ramirez and New in 1977 "yP®*^*""'* ^though the cause remained obscure [7]. 

li), has led to mudi research on the enzyme llfl-hy- ™* " particularly remarkable since idiopathic hy- 

drexysteroid dehydrogenase (11^-OHSD) Deficient J^^"™?' "«?o°at«d with hyperthyroidism, oc- 

activity of this enzyme in children leads to their *^ '^^'^ " " addition, normal Chinese 

inabiUty to oxidize . Cortisol to inactive cortisone, '"^^ potassium levels lower than men in 

providing high Cortisol levels in the kidnev which countries, with 9% having values below 

activate, renal mihetalocorticoid receptors and cause ^-^^nrniol/l [8]. 

hjrp«teiwion and hypokalemia. Subsequently, die i. ' ' " mvestigating how gossypol causes 

meclianism of licorice-induced hypetmineralocorti- kS^^"™*' ^* ^^'^ gossypol inhibited 11/?- 

coidism was shown to be the inhibition of 11 fl-OHSD ""^^ ^•^'^'^y ^ 8^ca pig [9] and human [10] 

by the active ptindple of licorice, glycyrrhizic add "^"^ cortical microsomes. We also found that 

Sjhce then, much research has been done to explore bioflavonoids inhibit, rat Uver 11/l-OHSD 

the role ti»t this enzyme plays in regulating the ^*®^* reported inhibition of the rat 

interactions of Cortisol with mineralocorticoid and glu- ^"^'^ *>y ^ile aci4s [11 J and by steroidal 

coj5ortic6id recq>tors [2-6]. *. and triteipenoid compounds [12J, and inhibition of 

Gossypol, a polyphenolic constituent of cotton seed enzyme by some substances in human 

has been studied in China as a potential oral contra- ^* therefore decided to test a variety 

eq)tive for men because it suppresses spetm motility °£ """Pounds for their possible enzyme inhibiting 

■ ^"«<^» choosing drugs that can cause hypokalemia or 

*Pro«« Mre^.V^ Medical CoUegc, Adi 140 Han TtJZ 'o^T ? ''^^^ flavonoids from 

Read. Nanjing, js,^ chini ^ * grapefruit juice that inhibit the oxidation of dehy- 

TC^«p<««ta»ce n M. M. Rddenberg, Depaitment of Phanna- <*™Pyndine calcium channel blocking drugs [15-17] 

R«iv^8J»l,t993;«.pted4j«.i994. ?nfj^°^' rT^f""' " concentrations of 
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100-500 mg/dl [14J. 
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Yin Di Zhang al. 


MATERIALS AND METHODS 

Chemicals, and solutions 

Sitosterol was a gift from Eli Lilly and Co. (Indiana- 
polis, IN). Campesterol was purchased from Aldrich 
Chemical Co. (Milwaukee, WI). AD other chemicals 
were purchased froin Sigma Co. (St Louis, MO). 

Most, sterols, fiirosemide, eihacrynic acid, naringin 
andi iiaringenin were dissolved in ethanol and diluted 
with methanol. Cholic add, chenodeoxycholjc acid, 
bumetanide, hydrochlorothiazide and spironolactone 
were dissolved in methanol. Phenylbutazone and in- 
doriethacin were dissolved in distilled water (pH 9). 
Glycyrrhizic acid was dissolved in distilled water. 
Cbrticdsterone and hydrocortisone were dissolved in 
methanol (144/imol/i) and kept at -4X. 

Ensp^e preparation and measurement of Jlfi-OHSD 
■ activity 

Kidney cortex was obtained from long-haired male 
Hartley guinea pigs: Tissue was homogenized in 
Krebsr-Henseleit buffer as described previously [9], 
except for the use of a Tekmar Tissuemizer (Cincin- 
nati, OH). Microsomes were prepared as described 
previously [9], except that they were diluted xo a 
concentration of 1.25 xng protein/ml prior to storage at 

The; enzyme activity in guinea pig kidney cortex 
microsomes was determined by measuring the rate of 
conversion of Cortisol to cortisone. Five minutes before 
incubation, 2;il of concentrated Triton DF-18 was 
addtd to each milliliter of the microsome suspension. 
The issay mixture contained 500 pi Krebs-Henseleit 
buffer (pH 7.2), SO/xl 5mmol/I HADP, 40/il of 
144/imol/l phosphate-sucrose buffer, 20-50 /xl 
(25-63.5 //g) pf microsome suspension in 0.01 M phos- 
phate-sucrose buffer and various concentrations of each 
compound studied. This mbcture was incubated in 
duplieate or triplicate. The total volume was 700 /il. 
Methanol concentration was kept at<10%. Control 
studies showed that this concentration did not inhibit 
the reaction. After Ih of incubation at 37''C, the 
reaction was terminated by the addition of 3 ml meth- 
ylenc'chlpride and 20 /il 144|/mol/l corticosterone sol- 
ution as the internal standard for assay of cortisone and 
Cortisol. 

The enzyme inhibition constant for furosemide was 
determined by adding furosemide in various amounts 
to achieve concentrations from 3.9 to 62 ;xmol/l in the 
mctibation mixture and Cortisol concentrauons of 4, 8, 
ar^d 16/imol/l. The constants were obtained from a 
Dbcon plot and a kinetic program (Chou J, Chou T-C: 
MichacUs-Mcmon analysis with microcomputers, Disk 
No. 1, Elsevier-Biosoft, 1989, Cambridge, England. 

A modification of the HPLC method of Sang [9] was 
used to measure Cortisol, cortisone and corticosterone 
m the raicr soma! incubation mixture. The steroids 
were extracted into methylene chloride by vortexing for 


Imin, then cemrifiiged at 750^ for 15min. The 
aqueous liyer was removed by aspiration. 300 ;/l of 
0.1 NaOH was added to the organic phase followed by 
vortcjcing for. 30 s. The mixture was ccntrifuged and 
the aqueous layer removed. The organic phase was 
washed with 500 /<1 of millirQ water (MilHpore Corp., 
Bedford, MA). The 1.5 ml organic phase was trans- 
ferred to clean glass tubes and dried by evaporation in 
a 45-50**C water bath. The residue was dissolved into 
200 //1 of methanol and 5 /il of this solution was injeaed 
into the HPLC apparatus. A standard curve for Cortisol 
and cortisone was determined in. duplicate in each 
enzyme experiment by using the same amount of 
microsome suspension after boiling to inactivate the 
enzyme. Standard curves were ploued as the ratio of 
peak height of cortisone (or Cortisol) divided by the 
peak height of the internal standard vs steroid concen- 
tration, All imknown concentrations of Cortisol and 
cortisone were determined from the standard curves 
from each experiment. The drug concentrations that 
inhibited the enzyme by 50% (IC50) were estimated 
from at least 3 different concentrations of each com- 
poimd evaluated by a dose-response program (Chou 
and Chou: Dose-effect analysis with microcomputers. 
Disk No. 2, Elsevier-Biosoft. 1989, Cambridge, Eng. 
land). 

The HPLC apparatus used for quantitating the 
steroids consisted of a Waters Model 6000 A solvent 
delivery system, U6K injector, model 680 automated 
gradient controller. Waters 486 tunable absorbance 
detector and a BBC chart recorder (Model SE 120). 
The mobile phase contained methanolr-Ayater (30:70, 
v/v) at a flow rate of 1.0 ml/min. The Waters stainless 
steel Novapak C,8 column (3,9 x 150mm, 4/i) was kept 
at room temperature. The retention times for cortisone, 
Cortisol and corticosterone were 6.5, 7.0 and 9.0 min, 
respectively. 

RiBSULTS 

The efficacy of the compounds tested to inhibit the 
NADP-utilizing form of lljJ-OHSD from guinea pig 
renal cortex with Cortisol as substrate is shown in 
Tables 1 and 2. Fxirosemide wais the most potent 
inhibitor tested, with glycyrrhizic add, naringenin, 
ethacrynic add and chenodeoxychoiic add having po- 
tendes similar to each other but an order of magnitude 
less potent than furosemide. Data for glycyrrhizic add, 
naringenin and naringin are showii in Fig. 1. The 
correlation .coeffident (r value) for the computed values 
agreeing with the meastu^d values for the potent 
inhibitors was 0.99 for fiirosemide, glycyrrhizic acid, 
and naringenin, 0.96 for ethacrynic acid and 0.86 for 
chenodeoxychoiic add. It was above 0.95 for all of the 
other compounds tested except for phenylbutazone 
which was 0.86. 

The observations of enzyme inhibition by 
fiirosemide at varying concentrations of Cortisol is 
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Compound 


Tabu I. Inhibition of llf^QHSD by various compounds 


Furoscmide 

Glycyirhizic acid 

Karingcnm 

Ethacrynic add 

ChcaodeoQcychoIic acid 

Phenylbutazone 

Sitosterol 

StigmasteroJ 

Narifigin 

Cboiic add 


ICg Qimo]/!) Coocentrations tested (^moI/1) 


59 

12, 50, 100, 200, 500, IO(K) 

254 

132, 246, 529 

336 

12, 25, 50, 100, 1000, 2000, 5000 

452 

50, . 100,200, 400, 2000 

513 

200, 400, 600, 800 • 

1358 

167, 667, 1344 

1395 

1000, 1500 . 

1968 

500, 1000, 1500 

2373 

582, 1163, 1744 

3529 

1250, 2500, 3750, 5000 


Cai^sterol inhibited 33% at the highest concentration tested of 1000 /imol/l 
Since a second higher point could hot be nieasuicd because of limited 
soIubUity of the compound, an ICsD was not calculated. 


shown as^ a double reciprocal plot in Fig. 2. Most of 
r^:/"?^^ converge near the ordinate. A Dixon plot 
uidicatedthat the inhibition by furosemide is corapeti- 
uve. The enzyme kinetic constants were: 
K„ mpl/1 and = 30 nmoiy/ig microsomal 
protein/h. The K, for furosemide was 7.7 /imol/l 
nearly the same as the for Cortisol. 

DISCUSSION 

We have tested a number of compounds for their 
^^iJL^f mhibit the NADP.utilizing form of llfi- 
op5D. from guinea pig renal cortex with Cortisol as 
substrate. We found that furosemide is a much more 
potent inhibitor than glycyrthizic add, and that narin- 
gemn, ethacryniqiadd and chenodeoxycholic acid in- 
lubit with a potency ahnost equal to that of 
glycyrrhizic acid. . 

The compounds selected for study were chosen 
for a variety of reasons: the diuretics because 
they cause potassium loss with spironolactone as 
a coi>ttol since it . does not; glycyrrhizic acrd and 
the bile salts, as reference compounds, since data 
about these compounds have been published and 
therefore they can be used in this study to evaluate 
relative potency of the other compounds studied; 
n^gm ^ind naiingenin because they are active 

"S^^ ^^^^ '"^^^^ Particular 

pa^way of drug oxidation (cytochrome P,^ 3A4) 
and we were curious to see if they also inhibited 
t^uj o^dation pathway (11^-OHSD); the sterols 
since they arc presem in vegetable oils and have a 

Ta6U2. Compounds thatfaaedto inkibit I.Jp-OHSD 


Maximum conccniraiion 
tested Qimol/n 


Compound ^ 

' Bumetanide 
Hydrochlorothiazide 
IndoxDcthactn 
Spltonolaaone 

coacemmion tested was limited by the 
•ohibilhy of the compound. 


2000 
aooo 
uoo 

2000 


Structure suggesting that they might inhibit llfi^ 
OHSD; and the cyclooxygenase inhibitors because 
they inhibit prostaglandin formation and caus<: salt 
retention. 

The K„ of oiu- enzyme preparation for Cortisol 
(8^mol/l) is similar to that of rat for corticosterone 
(2 Aimol/l) found by Monder et al, [18]. Working with 
purified eiizyme from rat liver (gift from Dr 
Monder), we have found an ICso of 12nmol/l for 
gJycyrrhetinic acid [10], similar to the dissociadon 
constant of the enzyme-inhibitor complex of 8nmol/l 
reported by Monder et al, (18J. In a previous study 
from our laboratory, glycyrrhizic acid had an IC50 of 
1994 /imol/l for guinea pig renal cortex microsomes 
with corticosterone as the substrate without Triton in 
the mcubation mixture [9] compared with 254^mol/l 
in the present study using Triton and Cortisol as the 
substrate. Buhler et al, [12] working with rat kidney 
microsomes and corticosterone at 0.1 /imol/l, found an 
IC«of4 /iM; in our study of guinea pig microsomes 
with a substrate concentration of 23 /^mol/l we found 
an IC50 of 254juM. Perschel et al [11] working with 
rat kidney microsomes found choUc acid to inhibit this 
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Fig. 1. fahibitioa of H(btl^-GHSD by gJycyrrhixic acid from 
licoirice and flavoaoJds from grapefruit Juice. 
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Yin Di Zhang ei aL 


Ccocsntrellon 
of ftiros6nildo 
Ounol/t) 



1/[cortisoIl (|imol/l) 

Fig. 2, Double reciprocal plot of 1/v 1/s for ll/T-OHSD with varying co&cenUations of furoeemSde in incubaUon 
mixture. K„ for Cortisol is 8 pmol/1. is 30 nmoV/tg xnicrosomal protcin/b. Kf for furosemide is 7.7 pmol/1. 


enzyme at l/27th the potency of chenodeoxydiolic 
acid; We found it to be l/7th the potency" in our 
systepi. 

We studied the NADP-rcquiring form of the en- 
zyme that is present in most tissues rather than the 
NAD-requiring form that is present in the distal 
nephron [1^2t]. Whether inhibition of the NAD-Ky 
quiring enzyme is diiTercnt from that of the NADP- 
requiring enzyme is not known. Since the mechanism 
of iiihibition of glycyrrhetinic acid [18), gossypol (9] 
and furbscmide (this study) is competitive, one might 
speculate that competitive inhibition of the NAD*re- 
quiring form of the enzyme by these compounds 
might also occur. 

The fact that fiirosemide is an inhibitor of the 
enzyme while bumetanide is not may explain 
. why furosemide causes more potassium excretion 
per unit sodium excretion than bumetanide [22^24]. 
It is excreted by patients with heart failure at a 
rate: of 15-30 /ig/min [25]. Assuming a Iml/min 
urine flow, the furosemide concentration would be ' 
iSpMy compared with its IC50 of 59 pM in this 
study. 

Three flavonoids: the sugar conjugates of narin- 
genin^ quercetin and kaempferoly along with some 
odi^'rs are found in gnq;>efruit juice [26]. These arc 
hydtolyzcd in the intestine to the aglycons which are 
absorbed. We found that naringcnin inhibited the 
enzyme in this study, and previously that the 
. flavonoids morin and quercetin were weak inhibitors 
[10); The importance^ if any, of these dietary constitu- 
ents as in vivo inhibitors of this enzyme remains to be 
determined. 
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